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Abstract

The qualitative and quantitative composition of polycyclic aromatic hydrocarbons (PAHs) pollutants at 13 points of the
impact zone of the Novocherkassk thermal electric power plant (NchPP) has been determined. This territory has been pol-
luted with emissions from brown coal combustion for several decades. A total of 200 isolates from PAH-degrading bacteria
were selected from the soils and surface sediments, heavily contaminated with PAHs. Taxonomic identification of isolates
was carried out by sequencing of the 16S rRNA genes and by MALDI-TOF analysis of protein spectra. Soil cultivable PAH-
degrading microorganisms were represented by six species of four genera of actinobacteria (Arthrobacter, Rhodococcus,
Oerskovia and Isoptericola). Surface sediments cultivable PAH degraders were represented by six species of the genus
Pseudomonas. R. erythropolis was the most numerous of soil isolated strains. The studied soils heavily contaminated with
PAHs display low biodiversity of cultivable PAH-degrading bacteria and do not have a connection between the quantity of
PAHs in the soil samples and taxonomic variety of PAH degraders. Cultivable PAH degraders were represented in the soils

exclusively by Gram-positive bacteria, and in the surface sediments only by Gram-negative bacteria.

Keywords Polycyclic aromatic hydrocarbons - Soils - Surface sediments - Microbial communities - Cultivable PAH

degraders

Introduction

Polycyclic aromatic hydrocarbons are widespread environ-
mental pollutants because they are disseminated through
a wide variety of anthropogenic activities. They are wide-
spread in soil, surface sediments (SS) and water (Samanta
et al. 2002), as they get there with gas, liquid and solid
waste when fossil fuel, plant residues and organic garbage
are burnt, and at oil development and liquid and gas fuel
production. PAHs are persistent pollutants toxic for living
organisms, and they display mutagenic and carcinogenic
properties (Harvey 1991; Alexander 1999). According to
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the earlier works, the half-life period of low-molecular PAHs
in soils is 5.7 years and of high-molecular PAHs—9.1 years
(Wild et al. 1991). However, in the recent work of Bandowe
et al. (2014) the assessment of concentration and compo-
sition of PAHs in a sediment core is carried out over the
period of 2600 years.

Bioremediation of soil contamination with PAHs and
their derivatives is an important task in connection with the
constantly increasing environmental pollution with these
substances. As a rule, purely physical and chemical methods
of remediation of PAHs contamination are expensive and,
furthermore, cause damage to the purified biotopes. Micro-
bial remediation is labile, easily scalable, cost effective and
environmentally friendly method of cleaning up such con-
tamination, effective for a wide range of PAHs concentra-
tions (Habe and Omori 2003). Due to the fact that PAHs are
hydrophobic and tightly bound with organic matter of soil,
the rate of their biodegradation, the quantitative and qualita-
tive composition of PAHs degraders is largely determined
by PAHs bioavailability (Crampon et al. 2014).
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Traditionally, hydrocarbon-degrading microbial commu-
nities were characterized by isolation of pure cultures or
consortia of cultivated microorganisms (Kanaly and Haray-
ama 2010). However, this approach does not allow to assess
the real diversity of microorganisms involved in biotransfor-
mation and their contribution to hydrocarbon degradation.
This limitation can be overcome by culture-independent
methods, allowing to estimate the diversity of genetic mate-
rial (Yang et al. 2015; Festa et al. 2017), 13C labeled cell
lipids (Johnsen et al. 2002) and the variety of intermediate
metabolites (Tauler et al. 2016) of microorganisms involved
in microbial PAHs biotransformation.

Taking into account the great practical importance of
microbial hydrocarbon degraders’ cultivation, the combi-
nation of the methods listed above is the most acceptable
nowadays. Such approaches allow to obtain both individu-
ally cultivated microbial PAHs degraders and their consortia
and characterize the hydrocarbon-degrading microbial com-
munity of the studied soils in a more detailed way.

Microbial degradation is the main process used in bio-
logical remediation of chronically contaminated soils (Mac-
Naughton et al. 1999). There is an approach that focuses
on maximum restoration of the existing ecosystems back
to the original parameters solely by degradation of poten-
tial indigenous microbiota (Haritash 2009; Fukuhara et al.
2013). This approach is called natural attenuation. Its dis-
advantage is that usually hydrocarbon degraders constitute
only a small part of the entire soil microbial population (Yu
et al. 2005) and restoration of the ecological community can
take a considerable time.

Another method, namely bioaugmentation, involves intro-
duction of individual strains or consortia of pre-adapted
hydrocarbon-degrading allochthonous microorganisms into
contaminated soil (Fantroussi and Agathos 2005). The effec-
tiveness of bioaugmentation usage depends on interaction
between autochthonous and allochthonous bacterial popu-
lations, and on how suitable natural conditions are for the
introduced microorganisms. Furthermore, bioaugmentation
changes the composition of native microbiocenosis.

Isolation of autochthonous strains and consortia of PAHs
degraders and their further application for bioremediation
appears to be the most promising (Shankar et al. 2014).
Such microorganisms are adapted to local environmental
conditions and do not introduce qualitative changes in the
existing microbiocenosis. On the other hand, the share of
PAHs-degrading bacteria increases dramatically in microbial
population. The speed of PAH degradation is significantly
enhanced by biostimulation. It is achieved by nutrients appli-
cation and optimization of physical and chemical parameters
(pH, oxygen concentration and so on) to avoid metabolic
limitations (Vifias et al. 2005). The combination of introduc-
tion of earlier isolated autochthonic cultures and biostimula-
tion seems to be a good compromise since it does not change
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the species composition of the developed soil microbiome
and activates biodegradation of PAHs. Also the used strains
are well adapted for conditions of this soil.

For a deeper understanding of the remediation contribu-
tion and effective application of indigenous strains of PAHs-
degrader, the cultivable microbial community diversity
should be studied in dependence on qualitative and quanti-
tative PAHs contaminants composition. Also, it is necessary
to study their spatial spreading in PAHs-polluted biotopes.

The purpose of this study is evaluation of cultivable
PAHs-degrading bacteria variety and their spatial distribu-
tion in soils and surface sediments of the impact zone of
the Novocherkassk thermal electric power plant (NchPP).
This NchPP (2258 MW power) has been burning fossil fuel
(coal and natural gas) for more than 40 years, and its emis-
sions (gas and dust emissions and ash) are a source of PAHs
contamination of the surrounding area (Sazykin et al. 2015).
Then, it is possible to use the characterized autochthonic
isolates for bioaugmentation of this polluted site.

Materials and methods
Sampling of soils and surface sediments

Sampling of soils and surface sediments was carried out
at 13 monitoring sites located in the impact zone of the
NchPP in May 2015. Monitoring sites 1, 2, 3, 5,6, 7, 11,
12 are found 1-3 km to the northeast, southwest, northwest,
north and southeast from the electric power station; sites
8,9, 10 and 8a are located 5, 10, and 15 km to the north-
west and 5 km to the west from the electric power plant in
accordance with the wind rose controlling the distribution
of atmospheric emissions. This zone stretches directly from
the contamination source and crosses the residential areas
of Novocherkassk city and Krivyanskaya settlement. Fallow
land sites were taken as the monitoring sites. Sampling sites
scheme is shown in Fig. 1.

The soils were sampled from studied territory from the
depth of 0-20 cm. A sampling of the surface sediments was
performed from water bodies located close to four monitor-
ing sites in the impact zone of NchPP. Surface sediments
2SS, 6 SS, 8 SS, 8a SS were collected in the coastal zone
of reservoirs (50-100 cm from the shore). Samples were
obtained using the Peterson grab sampler at 5 cm deep. The
samples were transferred and kept in clean plastic bags and
placed in a cooled container. Sediment samples were stored
at—20 °C before further processing in the laboratories.
Physical and chemical properties of the studied soils and
sediments samples were analyzed by the commonly used
standard method for the Russian Federation (Vorob’eva
2006). The exchangeable bases were determined with 1 M
NH,OAc; the cation exchange capacity (CEC) was analyzed
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Fig. 1 Study area location and sampling sites: a NchPP location on the map of Russia; b scheme of sampling sites in the NchPP impact zone
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with 1 M NH,OAc after soil saturation with 1N BaCl, (pH
6.5); the pH was measured by potentiometry in the superna-
tant suspension of a soil:water in a ratio of 1:2.5; the CaCO,
was determined by acid neutralization method. The particle-
size distribution was determined by the pipette method (with
pyrophosphate procedure of soil preparation) (Shein 2009).
The organic carbon content in soils and sediments samples
was determined by wet combustion with K,Cr,0, and con-
centrated H,SO, according to the Tyurin method (Vorob’eva
2006), which is very close to the Walkley—Black method
(1934). The difference in the results of the organic carbon
determination by the Tyurin method and the TOC method
is 0.2-0.3% (Gorbov et al. 2018).

Determination of hydrocarbons in soil samples
and surface sediments

The new method of subcritical water extraction was used
for extraction of PAHs from the soil and surface sediments
(Sushkova et al. 2014, 2016). This method includes the fol-
lowing operations. An air-dried soil or surface sediment
samples were ground in a porcelain mortar and passed
through a 1 mm sieve. One gram of the sample was placed
into the extraction cartridge, and 8 ml of double-distilled
water was added. Subcritical water extraction of PAHs from
soil and surface sediments was carried out in a specially
developed extraction cartridge made of stainless steel and
equipped with screw-on caps at both ends. The extraction
cartridge containing sample and water was placed into an
oven connected to a temperature regulator.

Extraction was conducted under optimum conditions
(30 min at 250 °C and 60 atm) (Sushkova et al. 2015). After
cooling, the content of the cartridge was filtered (Whatman
no. 1) through the funnel and washed with 2 ml of double-
distilled water. This operation repeated two or three times
until the filtrate was clear. The aqueous solution was re-
extracted three times with 5 ml of n-hexane by shaking for
15 min in a separatory funnel. The hexane extracts were
combined and filtered through anhydrous Na,SO, and evap-
orated to dryness in a pear-shaped flask on a vacuum evapo-
rator at 40 °C of the water bath. The residue was dissolved
in 1 mL acetonitrile by shaking for 30 min.

The content of PAHs in the extracts was quantified by
HPLC (Model 1260, Agilent Technologies, USA, 2014) with
fluorescence (FL-3000) detection following ISO 13859:2014
requirements (ISO 13859:2014). The excitation wavelength
of the FD is 264 nm, and the emission wavelength of the
FD is 408 nm. The PAHs peaks on chromatograms were
identified by comparing retention time to that of analytical
standard samples (Sushkova et al. 2017). The limit of PAHs
detection and quantification was determined using standard
solutions and calibration curves. A calibration standard was
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injected after every six samples to correct for drift in reten-
tion time within a run.

Solvents and reagents were of HPLC grade and included
ethanol (96%, analytical grade), n-hexane (99%, analytical
grade), potassium hydrate (98%, analytical grade), ace-
tonitrile (99.9%, analytical grade), NaOH (97%, analytical
grade), and anhydrous Na,SO,. The total 16 priority PAHs
standards in acetonitrile with concentration 200 pg/cm?®
(Priority pollutant PAHs (in acetonitrile) NIST® SRM®
1647f) was used to prepare total PAHs standard solutions
for HPLC analyses. For every target PAH, the individual
standard was used as the internal analytical standard for
determination: Naphthalene solution 200 pg mL~! (CAS
Number 91-20-3, Beilstein Registry Number 7822574,
MDL number MFCD00001742, PubChem Substance
ID 329798455), Biphenyl solution 2000 pg mL~! (CAS
Number 92-52-4; 48161 SUPELCO), Anthracene solu-
tion 200 pg mL~! (CAS Number 120-12-7, Empirical
Formula (Hill Notation) C14H10, Molecular Weight
178.23, Beilstein Registry Number 1905429, MDL num-
ber MFCD00001240, PubChem Substance ID 24872170),
Acenaphthene solution 200 pg mL~! (CAS Number 83-32-
9, Empirical Formula (Hill Notation) C12H10, Molecu-
lar Weight 154.21, Beilstein Registry Number 386081,
MDL number MFCDO00003807, PubChem Substance ID
24872166EC, Number 200-659-6), Acenaphthylene certi-
fied reference material, TraceCERT® (CAS Number 208-
96-8, Empirical Formula (Hill Notation) C12H8, Molec-
ular Weight 152.19, Beilstein Registry Number 774092,
MDL number MFCDO00003806, PubChem Substance ID
329770136EC, Number 205-917-1), Fluorene solution
5000 pg mL~! (CAS Number 86-73-7, Beilstein Regis-
try Number 3562815, MDL number MFCDO00001111,
PubChem Substance ID 24864952), Phenanthrene ana-
lytical standard, for environmental analysis (CAS Num-
ber 85-01-8, Empirical Formula (Hill Notation) C14H10,
Molecular Weight 178.2, Beilstein Registry Number
1905428, MDL number MFCDO00001168, PubChem
Substance ID 24872118EC, Number 201-581-5),
Benzo[a]anthracene solution certified reference material,
1000 pg mL~! (CAS Number 56-55-3, Empirical For-
mula (Hill Notation) C18H12, Molecular Weight 228.29,
Beilstein Registry Number 1909298, MDL number
MFCD00003599, PubChem Substance ID 329755927),
Pyrene solution certified reference material, 100 pg mL™!
(CAS Number 129-00-0, Empirical Formula (Hill Nota-
tion) C16H10, Molecular Weight 202.25, Beilstein Reg-
istry Number 1307225, MDL number MFCD00004136,
PubChem Substance ID 57652921EC, Number 204-927-
3), Fluoranthene 5000 pg mL~' (CAS Number 206-44-
0, Beilstein Registry Number 1907918, MDL number
MFCDO00001184, PubChem Substance ID 24864911),
Chrysene analytical standard (CAS Number 218-01-9,
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Empirical Formula (Hill Notation) C18H12, Molecu-
lar Weight 228.29, Beilstein Registry Number 1909297,
MDL number MFCD00003698, PubChem Substance
ID 329757387EC, Number 205-923-4), Benzo[a]pyrene
solution certified reference material, 200 pg mL~' (CAS
Number 50-32-8; Beilstein Registry Number 1911333;
EC Number 200-028-5; MDL number MFCD00003602;
PubChem Substance ID 24872109), Benzo(b)fluoranthene
solution 200 pg mL~! (CAS Number 205-99-2, Empiri-
cal Formula (Hill Notation) C20H12, Molecular Weight
252.31, MDL number MFCD00010582, PubChem Sub-
stance ID 24871998, EC Number 205-911-9), Benzo[k]
fluoranthene certified reference material, 200 pg mL™!
(CAS Number 207-08-9, Empirical Formula (Hill Nota-
tion) C20H12, Molecular Weight 252.31, Beilstein Reg-
istry Number 1873745, MDL number MFCD00046287,
PubChem Substance ID 329747589EC, Number 205-
916-6), Benzo[g,h,i]perylene certified reference material,
200 pg mL~! from 861291 SUPELCO PAH Mix 3, certi-
fied reference material, in methylene chloride: methanol
(1:1) (varied) (CAS Number 191-24-2, Empirical For-
mula (Hill Notation) C22H12, Molecular Weight 276.33,
Beilstein Registry Number 1913029, MDL number
MFCD00004135, PubChem Substance ID 24872193EC,
Number 200-838-9), Dibenz[a,h]anthracene analytical
standard, 200 pg mL~! (CAS Number 53-70-3, Empiri-
cal Formula (Hill Notation) C22H14, Molecular Weight
278.35, Beilstein Registry Number 1912416, MDL number
MFCDO00003708, PubChem Substance ID 24872126EC,
Number 200-181-8), purchased from the Sigma-Aldrich
(Merch).

The efficiency of target PAHs extraction from soils was
determined using a matrix spike (Anonymous 2008). The
fresh soil sample as well as air-dried soil sample (1 g) was
placed into a round-bottom flask and BaP standard solution
in acetonitrile was added to give the target PAHs concentra-
tions of 2, 4, 6, 8, 16 or 32 ng/g. After evaporating the sol-
vent for 30 min under a hood under ambient conditions, the
PAHs-spiked soil samples were incubated for 24 h at 4 °C.
The samples were then analyzed by the subcritical extraction
method described above with consequent HPLC analysis.

The limit of PAHs detection and quantification was deter-
mined using standard solutions and calibration curves. A
calibration standard was inserted after every six samples to
correct for drift in retention time within a run. PAHs con-
centrations in soil samples (A, pg kg™!) were calculated as
follows:

A=kS; X Cy X V/(Syxm) (1)

where S and S;are therespective areas of target PAHs peaks
in chromatograms of standard and sample solutions; Cjis
the target PAHs concentration in standard solution (ug m1~");
kis the coefficient of target PAHs recovery from a sample;

Vis the volume of acetonitrile extract used for HPLC (ml);
and mis the mass of the sample (g).

Data handling and statistical analyses were conducted
using STATISTICA 11.0 and Sigma-Plot 12.5. The value
means standard deviation from 3 analytic replications aver-
age. For the data obtained, statistically significant levels of
difference were found.

Isolation of cultivable strains
of hydrocarbon-degrading microorganisms

To isolate the cultures of hydrocarbon-degrading microor-
ganisms, each soil and surface sediment sample was thor-
oughly homogenized. Then, 10 g of sample was filled with
40 ml basic mineral salt medium (Sazykin et al. 2016),
stirred 1 h and left for 5 min for sedimentation of soil parti-
cles. After that, 1 mL of supernatant liquid was introduced
into a 50 mL Erlenmeyer flask with 15 ml of mineral salt
basic medium and 300 pl of hydrocarbons solution (satu-
rated solution of naphthalene and anthracene in the mixture
of 50% hexadecane, 25% benzene and 25% cyclohexane).
The mixture was cultivated in a shaker incubator Innova
40R (New Brunswick Scientific, USA) at 30 °C, 170 rpm
for 1 week. Then, the enrichment culture was plated on Petri
dishes with solid mineral agar medium with the addition of
2% hydrocarbon mix, and cultivated at 30 °C for 1 week. Iso-
lates possessing different phenotypic characteristics such as
colony morphology, pigmentation, growth properties were
selected as hydrocarbon-degrading strains and later main-
tained on LB medium (Maniatis et al. 1982) with the addi-
tion of 2% hydrocarbon mix.

Identification of isolated strains

Sequencing of 16S ribosomal RNA gene of
the isolated hydrocarbon degrading bacteria

DNA from all pure cultures was isolated with the method
described by Moore et al. (2004). The isolated DNA was
used as a matrix for the PCR with standard primers for
amplification of 16S rRNA: 27 F—AGAGTTTGATCMTGG
CTCAG:; 1492 R—CGGTTACCTTGTTACGACTT.

The PCR was carried out on the Bio-Rad Tetrad 2 (Bio-
Rad, USA) amplifier\thermocycler as follows: initial DNA
denaturation at 94 °C for 5 min, then 35 cycles of DNA
melting at 94 °C for 30 s, primer annealing at 53 °C for 30 s,
amplification of DNA at 72 °C for 90 s and after that com-
pletion of DNA fragments at 72 °C for 10 min. Electrophore-
sis of the obtained products was conducted in 1% agarose gel
in the electric field of 5 V/cm. Sequencing of amplification
products was performed with the Sanger method on the ABI
3730 DNA Analyzer (Life Technologies, USA) sequencer.
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Sequencing results were processed using the GenBank Blast
program (http://blast.ncbi.nlm.nih.gov).

MALDI-TOF mass spectrometry-based identification
of hydrocarbon degraders

Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) was used to gener-
ate protein fingerprint signatures from whole bacterial cells.
All cultures of microorganisms were plated on LB medium
to obtain individual colonies. Isolated colonies were placed
on steel MALDI-TOF MS target plates (Bruker Daltonics,
Germany), matrix solution was applied on top and, after
drying, identification of microorganisms in a mass spec-
trometer MALDI Biotyper (Bruker Daltonik, Germany) was
implemented in the automatic mode. Spectra of the protein
profiles were imported into the Biotyper program and identi-
fied according to standard settings. All spectra ranging from
the mass-to-charge ratio (m/z) 2000-20,000, corresponding
to the resulting ribosomal protein profiles, were analyzed
using the MALDI BioTyper (MBT) compass explorer soft-
ware v4.1.60 (Bruker Daltonics) and compared to reference
spectra of the MALDI BioTyper Reference library (database
[DB-5989] MS; Bruker Daltonics) for automatic identifica-
tion. The whole treatment from processing acquired spectra
to identification was performed automatically without user
intervention using the integrated pattern matching algo-
rithm of the software (Barbuddhe et al. 2008; Thouvenot
et al. 2018).

The identification result was expressed in assigning a
taxonomic identifier of the genus/species and a numerical
rating of identification accuracy presented in a logarith-
mic scale from O to 3 to the investigated spectrum. Value
3 corresponds to absolute coincidence; values from 2.300
to 3.000 stand for accurate determination of species; from
2.000 to 2.299—accurate determination of genus and reli-
able determination of species, from 1.700 to 1.999—reliable
identification of genus.

Results and discussion
Soil characteristics

The major part of the territory in the impact zone of the
NCHPP is occupied by Haplic Chernozems (sites no 1, 4, 5,
7,9, 10, 11); in addition, Haplic Chernozems Stagnic (sites
3, 6, 8, 8a, 12) and Calcaric Fluvic Arenosol (site 2) are
distinguished within the Tuzlov River floodplain (Table 1).

Haplic Chernozems and Haplic Chernozems (Stagnic)
have deep humus horizons (70-100 cm), relatively high
levels of organic carbon content (2.2-2.9%) and the CEC
(31.2-47.6 cmol (+)/kg) with a high content of exchange-
able calcium (76-90% of the sum of exchangeable cations),
and content of CaCOj; (0.2-1.0%) with neutral or weakly
alkaline pH in water extract (7.3—7.7). By their particle-size
distribution, the soils are classified as heavy loamy and light
clayey varieties formed on calcareous loess-like deposits

Table 1 Properties of the Novocherkassk thermal electric power plant emissions zone soils and surface sediments

Site no Soil/surface sediments Physical clay Clay Corg, pH CaCoOs;, CEC,
(parti- (parti- % % -cmol (+)/
cle<0.01 mm), % cle<0.001 mm), % kg

1 Haplic Chernozems 52.0 27.0 2.5 7.6 0.5 35.0

2 Calcaric Fluvic Arenosol 7.0 3.0 1.8 7.5 0.4 10.9

3 Haplic Chernozems (stagnic) 67.0 37.0 2.7 7.3 0.2 44.8

4 Haplic Chernozems 55.0 29.0 2.7 7.5 0.7 31.2

5 Haplic Chernozems 53.0 27.0 2.5 7.5 1.0 35.7

6 Haplic Chernozems (Stagnic) 55.0 30.0 2.4 7.7 0.8 324

7 Haplic Chernozems 51.0 27.0 24 7.6 0.7 31.3

8 Haplic Chernozems (Stagnic) 60.0 32.0 2.9 7.4 0.4 47.6

8a Haplic Chernozems (Stagnic) 60.0 12.0 2.8 7.5 0.5 44.7

9 Haplic Chernozems 52.0 30.0 24 7.6 0.6 31.4

10 Haplic Chernozems 53.0 28.0 2.7 7.6 0.5 36.0

11 Haplic Chernozems 33.0 15.0 22 7.5 0.6 38.7

12 Haplic Chernozems (Stagnic) 44.0 20.0 2.7 7.4 0.4 42.4

2SS Surface sediments 27.7 10.4 1.3 7.3 1.9 354

6 SS Surface sediments 15.0 5.2 0.8 7.0 2.0 24.5

8 SS Surface sediments 20.5 5.2 1.0 6.9 2.5 31.6

8a SS Surface sediments 58.4 14.5 1.6 7.7 23 50.4
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with physical clay content 33-67% and clay content 12-37%.
The Calcaric fluvic arenosol is specified by a coarser texture,
less thick humus horizon (40-60 cm), lower organic carbon
content (up to 1.8%) and CEC (10.6 cmol(+)/kg) with a
relatively high content of exchangeable calcium.

Surface sediments 2 SS, 6 SS, 8 SS, 8a SS are character-
ized by the physical clay content of 27-58% and clay content
of 15-38%, organic carbon content of 2.4-2.9%, CaCO; con-
tent of 2.0-2.1%, CEC of 32-50 cmol (+)/kg and alkaline
pH (8.1-8.2) (Table 1).

PAHs distribution across the sites

The results of PAHs analysis in soils and surface sediments
samples are given in Tables 2 and 3.

The total content of PAHs in different samples ranged
from 382.37 to 1604.15 pg/kg for soils and from 634.15
to 1252.14 pg/kg for surface sediments. The maximum
concentration of PAHs was detected at the sites located in
the direction of the prevailing winds (sites 4, 5, 8a) and the
sites closest to the source of pollution (sites 1 and 12). In
surface sediment samples, the highest total PAHs concen-
trations were detected at the sites 6 SS, 8 SS and 8a SS.
The lowest PAHs content was registered in soil samples
from sites 2, 3, 6 and 7 (382.37—443.96 ug/kg) and surface
sediments from site 2 SS (634.15 pg/kg)—according to the
wind chart, the export of the emission in the direction of
these sites is minimal (Table 2). The results of quantitative
determination of PAHs in the studied samples show that the
total content of PAHs in them is much lower than in soils
of many European cities (Bojakowska et al. 2018) and is
slightly lower or slightly higher than the average for rural
soils in Europe. Also, it should be noted that the content of
benzo[a] pyrene in all samples of soils exceeds the norms
(20 pg/kg) established in the Russian Federation (Federal
Law No 52-FZ of 1999) 1.5-10 times. For bottom sediment
samples, such excess ranges from 4 to 6.5 times. Thus, the
pollution level of the NchPP impact zone can be considered
average.

To determine the sources of hydrocarbons for the studied
soils and surface sediments samples, the diagnostic ratios
of various PAHs were used (Yunker et al. 2002; Rocher
et al. 2004; Zemo 2009; Hu et al. 2011; Tobiszewski and
Namiesnik 2012). For example, the ratio of 2-3 rings low
molecular weight (LMW) PAHs and 4-6 ring high-molecular
weight (HMW) PAHs characterizes the pyrogenic or petro-
genic origin of hydrocarbons (Table 3).

PAHs from petrogenic sources enriched with LMW
PAHs can be represented by the ratio LMW PAHs/HMW
PAHs > 1. Pyrogenic PAHs are depleted in LMW PAHs
and enriched in HMW PAHs, leading to the ratio LMW
PAHs/HMW PAHs < 1. Based on this criterion, PAHs
from all sites, except site 3, are of pyrogenic origin. Ratio

LMW PAHs/HMW PAHs in the sample from site 3 is 1.11,
which corresponds to petrogenic pollution. LMW PAHs/
HMW PAHs ratio in the samples of surface sediments
varies from 0.24 to 0.43, which corresponds to pyrogenic
pollution.

PAHs having the ratio of anthracene to anthracene plus
phenanthrene An/(An+PhA) <0.1 are typical for petrogenic
sources, while PAHs having the ratio An/(An+PhA)>0.1
to come mainly from pyrogenic sources. The ratios of Ant/
(Ant + Phe) in all the samples of both soils and surface
sediments ranged from 0.01 to 0.07, which corresponds to
petrogenic pollution by hydrocarbons. It should be noted
that some fuels display anomalous ratios of An/(An+ PhA)
(Yunker et al. 2002). Such anomalous fuels include brown
coal, which served as the main fuel for NchPP for several
decades. Emissions from the combustion of brown coal
result in the ratio An/(An+PhA) <0.1, which explains the
contradiction between LMW PAHs/HMW PAHs and Ant/
(Ant+ Phe) ratios.

In addition, PAHs sorbed on atmospheric particles had
different stability when moving from the source of pollu-
tion to the pollutant accumulation site (Behymer and Hites
1985; Kamens et al. 1988). As a result of photolysis, a
much greater decrease in the concentrations of anthracene
and benzo[a]pyrene occurs in comparison with more stable
phenanthrene and benzo[e]pyrene.

The ratio of fluoranthene to fluoranthene plus pyrene
(FIA/(FIA 4+ Py)) also characterizes the pyrogenic or petro-
genic source of PAHs (Yunker et al. 2002; Havelcova et al.
2014). Ratio FIA/(FIA +Py) < 0.4 indicates typical petro-
genic pollution, FIA/(FIA + Py) between 0.4 and 0.5 indi-
cates the oil combustion resulting pollution, and the value of
FIA/(FIA +Py) > 0.5 indicates PAHs contamination mainly
as the result of combustion of coal and plant biomass. These
diagnostic ratios allow to divide all the soil samples into
three groups according to the origin/source of PAHs pollu-
tion. Sites 1, 2, 3, 7 are contaminated with PAHs of mainly
petrogenic origin. Some soil and surface sediment samples
are in close proximity to highways and NchPP, and the petro-
genic origin of PAH could occur because of pollution with
oil products and brown coal which were used as fuel for the
power plant.

Pollution of sites 4, 6, 8, 8a, 10, 11 and 12 is of mixed
origin, possibly with a significant participation of the liquid
fuel combustion products. It should be noted that fuel oil is
used to serve as the backup fuel for NchPP for decades and
currently the main fuel is natural gas. Finally, at sites 5 and
9 the source of PAHs contamination is primarily solid fuel
burning (Table 2). Burning plant residues such as straw on
neighboring fields and wood at stove heating also contrib-
utes to the mixed pollution.

For surface sediments, samples 6 and 8 indicate the pyro-
genic source of PAHs pollution. Sample 2 has the petrogenic
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<+ N o~ = nature of contamination, and sample 8a is contaminated with
) EI ofl i:l Ofl § the products of oil hydrocarbon combustion.
%, ST <)o woow Wang and Fingas (2003) found that benzo[a]anthra-
51=8 228 @ =2 g cene/(benzo[a]anthracene + chrysene) (BaA/(BaA + Chry))
can also serve as an indicator of pyrogenic or petrogenic
el o g PAHs source. Ratio BaA/(BaA + Chry) <0.2 corresponds
:‘g /IR . to a petrogenic source of PAHs, the value of 0.2 <B.aA/
g g 5 [é g 25 gz =9 (BaA + Chry) <0.35 is an oil products combustion 1'nc‘hca-
= - - —lgE|S S &3 tor, and BaA/(BaA + Chry) > 0.35 correlates to the origin of
o —| - PAHs from coal and plant biomass combustion. Soil samples
S als demonstrate mainly pyrogenic PAHs origin (sites 1, 4, 5, 8,
2 -fv,l :EI li_l cJ:rx,l o—f- 8a, 9, 10, 12). Soils of sites 2, 6, 7 are petrogenously pol-
i“;_» g & E 5 <E 4w < luted, and PAHs of two sites (3, 11) have origin from the
- =S <SS oil products combustion. Surface sediments of sites 6 and 8
g are pyrogenically contaminated. Sample 2 has a petrogenic
_::3 < a8 %~ |E ﬁ contammatlolll source, and sample 8a has a mixed type of
ElIN9Y T T £ PAHs contamination.
_lsleges E ; S5 2= Thus, at the investigated sites the types of PAHs con-
g |" Te eI |lsss s tamination are mainly of pyrogenic or mixed origin with a
g 2l e o < o -7 n?arkéd axis of pyrog@ic coptamination moving along the
glegld e & S % direction of the prevailing winds toward the points 4, 5, 8,
glE|d A CJQ_' 2 oA 8a, and 9. The main source of PAH pollutants in this area
3l5l2285|% |9y is the NchPP.
RN N PN vao:o
g . N
E gl ool Bioc!iversity of cultivable PAHs-degrading bacterial
b é’ ZEI ] c-22 strains
g |- TEElIsg |l hH| _
3 . E = 2232 e A total of 200 isolates from hydrocarbons supplemented
g 5 i‘ mineral agar plates were selected and kept for further
% ii’ =29 = —:D 2 |lo = a g study. Taxopomlc identification of isolates was carried out
5| g HHHH E % TR S g by sequencing of the 1§S rRNA genes and by MALDI-
S8l wmI|ER|IT TSI 2 TOF analysis of protein spectra. The 16S RNA gene
§ < B SRSl RO S I sequences of isolated strains of PAHs-degrading bacteria
g o é are deposited in GenBank (GenBank accession numbers
g2 Z2|3 23 e E MH718753-MH718790).
f:’ f%* S35 3 § § c;' ti,l c;' ;\_l < The obtained sequences were analyzed using the Gen-
Sl HH 4 HGE ;%@Q% . .
S|l8|lvw e wnlmE = Bank Blast program, and nucleotide collection database
‘::) D ® é was used; the number of matching sequences was n.ot less
~,§ 2l - o © _§ % than 96%. Mass spectra of proteins were analyzed using t.he
@ g AR = z Biotyper program; the values of rating accuracy of .1dent1ﬁ—
é 2l z2¢ é a -| g cation were in the range of 1.998-2.455 (for most isolates,
g2 |< - = %= S = the value exceeded the 2.300 threshold). Identification of
'go R E :5' li,l :gl rJ\rgl % isolates by means of two different methods led to the identi-
§0 %‘ ?| T T Cf| gg &l a g 5 é cal results presented in.Tablfa 4. . .
% .J‘:E* 2 3axs g As a result of identification, all isolates were assigned
8 8 “ 2 “3 to the five genera and 12 species. Representatives of the
g o |« % - :S;D genera Rhodococcus (R. erythropolis), Isoptericola (1.
§ é; RS N ) AT TS § variabilis), Oerskovia (O. turbata), and Arthrobacter (3
3 | & ;' i_' é' ;' g m Sl & species—A. aurescens, A. polychromogenes and A. sul-
é Z| &8 F 5|8 —L e 5 fonivorans) were isolated from soil samples. From surface
A = sediments, six species of Pseudomonas genus (P. koreen-
9|2 wwnd % v w3 _§ sis, P. brassicacearum, P. chlororaphis, P. kilonensis, P.
-'3 c% Qo w 3lE IR stutzeri, P. putida) were obtained. R. erythropolis was the
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Table 4 Species of PAHs-
degrading bacteria isolated from
soils and surface sediments

in the impact zone of the
Novocherkassk thermal electric
power plant

Site no.

Species of bacteria isolated from soils

Species of bacteria isolated
from surface sediments

A AW NN =

6 SS

8 SS
8a

8a SS

10
11
12

Rhodococcus erythropolis

Arthrobacter aurescens

Rhodococcus erythropolis
Isoptericola variabilis
Rhodococcus erythropolis

Oerskovia turbata
Rhodococcus erythropolis

Rhodococcus erythropolis

Rhodococcus erythropolis

Arthrobacter aurescens
Arthrobacter polychromogenes
Arthrobacter sulfonivorans

Rhodococcus erythropolis
Oerskovia turbata

Rhodococcus erythropolis
Rhodococcus erythropolis

Rhodococcus erythropolis

Pseudomonas koreensis

Pseudomonas brassicacearum
Pseudomonas chlororaphis
Pseudomonas kilonensis

Pseudomonas stutzeri

Pseudomonas putida

most numerous according to the number of isolated strains
and was found in the vast majority of soil samples (10 of 13).
In two out of the three soil samples in which there was no
R. erythropolis, representatives of the Arthrobacter genus
(samples 2 and 8a) were found and in the third (sample 4)
Isoptericola variabilis representatives were detected. Repre-
sentatives of these three genera of bacteria were not present
in any of the samples simultaneously. In soil samples No. 6
and 9 R. erythropolis and O. turbata were identified at the
same time.

Higher quantity of PAHs degraders’ bacterial species
was observed only in the direction of the prevailing winds
from NchPP, that is, in the main direction of distribution of
the gas—dust emissions of the power plant. The connection
between the quantitative content of PAHs in the soil samples
and species quantity of PAHs degraders was not observed.

In three of the four sampling points of surface sedi-
ments, only one PAHs degraders’ species is isolated: site
2—P. koreensis, site 8—P. stutzeri and site 8a—P. putida.
The maximum diversity of PAHs degraders is found in the
site 6 sediments—P. brassicacearum, P. chlororaphis and
P. kilonensis.

Research carried out during the last decade showed
that soil contamination with total petroleum hydrocar-
bons (TPH) not only helps to increase the number, but
also stimulates hydrocarbon-degrading bacteria, and

@ Springer

promotes augmentation of bacterial biodiversity, micro-
bial activity and function in carbon metabolism (Benedek
et al. 2013; Liao et al. 2015). Influence of PAHs pollu-
tion on soil microbial community is dramatically different
from the effect of TPH. A significant negative correlation
was observed between PAHs concentration and diversity
of bacterial species, total bacteria and fungi counts and
enzyme activities in polluted soils (Pérez-Leblic et al.
2012; Benedek et al. 2013). It is likely that different influ-
ence of TPH and combustion PAHs on biodiversity of
microbic community is connected not only with their dif-
ferent sorption, but also with more expressed toxicity of
PAHs and smaller quantity of the microorganisms capable
of their utilization.

In this study of PAHs-polluted soil and surface sediment
microbial communities, similar results were obtained. In
the surface sediments, cultivable PAHs degraders were
represented by only six species of the only genus of
Gram-negative bacteria (Pseudomonas). Cultivable soil
microbial community was also represented by six species
of actinobacteria of four genera (Arthrobacter, Rhodoc-
occus, Isoptericola and Oerskovia). Low biodiversity is
likely to be associated with significant contamination of
the investigated soil by PAHs. Interestingly, in the soils,
cultivable PAHs degraders were represented exclusively
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by Gram-positive microorganisms and in the surface sedi-
ments only by Gram-negative microorganisms.

Actinobacteria are recognized as the dominant group both
in soils contaminated with PAHs (Benedek et al. 2013) and
soil metagenome from soils with mixed contamination by
PAHs and heavy metals (Kuppusamy et al. 2016). At the
same time in these works, the dominance of Pseudomonas
in contaminated soils was pointed out, although in our study
representatives of this genus are present in the contaminated
surface sediments, but not in soils. Such genera of hydro-
carbon-degrading microorganisms as Sphingomonas, Myco-
bacterium, Nocardia, Stenotrophomonas, Burkholderia, or
Achromobacter, mentioned in the papers above and Johnsen
et al. (2002); Chikere et al. (2017), are not detected in the
studied polluted soils by us.

The presence of such active PAH degraders as Rhodococ-
cus erythropolis, Pseudomonas stutzeri and Pseudomonas
putida in the soils and surface sediments of the impact zone
of the NchPP indicates chronic hydrocarbon contamination
and, on the other hand, a likely significant bioremediation
potential of the area. For the purpose of sustainable agricul-
tural use of the territories adjacent to NchPP, it is rational to
carry out stimulation of autochthonous microbiocenosis. It
would also be necessary to introduce the isolated cultures of
autochthonous PAH degraders into the most polluted sites.

Conclusion

The toxic emissions from the NchPP were one of the main
factors of environmental pollution and PAHs accumulation
in soils and sediments of the studied region. Soil properties
and additional pollution sources were also the important fac-
tor for PAHs accumulation in the studied region. Summariz-
ing the obtained data, it is necessary to point out that soils
and surface sediments are moderately polluted with PAHs
mainly of pyrogenic origin, display low biodiversity of cul-
tivable PAHs-degrading bacteria and have considerable vari-
ations of cultivable strains. Cultivable PAH degraders from
the soil samples are presented exclusively by Gram-positive
actinobacteria of four genera (Arthrobacter, Rhodococcus,
Isoptericola and Oerskovia) with a strong Rhodococcus
erythropolis dominance. Cultivable PAH degraders, isolated
from surface sediments, differed dramatically and included
six species of Gram-negative bacteria of the Pseudomonas
genus.
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