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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are chemically recalcitrant carcinogenic and
mutagenic compounds with primarily anthropogenic origin. The investigation of the effects of
emissions from energy enterprises on soil microbiomes is of a high priority for modern soil science.
In this study, metagenomic profiling of technogenic contaminated soils was carried out based on
bioinformatic analysis of shotgun metagenome data with PAH-degrading genes identification. The
use of prokaryotic consortia has been often used as one of the bio-remediation approaches to degrade
PAHs with different molecular weight. Since the process of PAH degradation predominantly includes
non-culturable or yet-to-be cultured species, metagenomic approaches are highly recommended for
studying the composition and metabolic abilities of microbial communities. In this study, whole
metagenome shotgun sequencing of DNA from two soils with varying PAH levels was performed. In
the control site, the total content of 12 priority PAHs was 262 pug kg~!. The background soil levels
in the polluted site for PAHs with 3 or more rings exceeded this, at 800 pg kg~'. The abundance
of genes and taxa associated with PAH degradation in these two sites were estimated. Despite
differences in PAH concentrations up to 1200 pg kg~!, individual and operon-organized PAH
degradation genes were almost equally abundant and diverse in pristine and highly contaminated
areas. The most numerous taxa in both spots were actinobacteria from Terrabacteria group. In
addition to well-known PAH degraders such as Gordonia and Rhodococcus, genes corresponding
to the PAH degradation were found in Azoarcus, Burkholderia and Variovorax. The data shows
non-specificity and multifunctionality of metabolic pathways encoded in the genes of PAH-degrading
microorganisms.

Keywords: anthropogenic impact; PAH-degrading bacteria; metagenomics; PAHs; microbial communities;
long-term contamination

1. Introduction

Polycyclic hydrocarbons (PAHs) are a class of the most toxic and persistent chemically
stable compounds. Their danger to living organisms, including humans, increases with
increased numbers of rings in their molecular structure [1-3]. PAHs are widespread in the
soils of industrial enterprises, due to emissions, as well as in agricultural soils in connection
with irrigation with sewage [4].
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For minimizing the availability or eliminating the PAHs from terrestrial ecosystems,
various chemical, physical, and biological approaches have been adopted [5,6]. The avail-
ability of PAHs for microbial destruction depends on the size of the soil fraction and the
types of PAH [7], as well as the composition of the soil microbial community and the
presence of metabolic pathways genes and operons of PAH catabolism [8].

The biochemical pathways of aerobic degradation of PAHs by bacteria have been
described in sufficient detail. In short, the initial stage is the PAHs” oxidation to dihydro-
diol. The dihydrodiols can then be degraded via the ortho- or meta-pathway, yielding
metabolites such as protocatechoates and catechols, that further undergo transformation to
the tricarboxylic acid cycle’” metabolites [9]. Therefore, PAH-degrading bacteria may utilize
these molecules as their single carbon source, as well as the energy source. Representatives
of such genera as Rhodococcus, Pseudomonas, Sphingomonas, and Arthrobacter are the
most prevalent natural PAH destructors.

Use of PAHs as sole energy and carbon source has been repeatedly noticed in Gram-
positive bacteria. Mycobacterium strains can grow on pyrene and anthracene, while
Rhodococcus strains can only grow on anthracene [10]. Although many Rhodococcus
strains may utilize PAHs, particularly naphthalene, the complete biodegradation process
has yet to be identified. Some Rhodococcus species use gentisate to transport naphthalene,
whereas others use catechol [11,12]. In Rhodococcus, naphthalene and salicylate activate
the genes involved in naphthalene metabolism [13].

The breakdown of PAHs is controlled by dioxygenase-encoding genes. The narAa and
narAb genes, for example, encode the two subunits of naphthalene-1,2-dioxygenase (NDO),
which converts naphthalene to (+)-cis-(1R, 25S)-dihydroxy-1,2-dihydronaphthalene [13,14]. The
nar genetic systems were also found in other actinobacteria, in particular, in representatives
of the genus Gordonia [15].

In Gram-negative bacteria, particularly Proteobacteria, the organization of naphthalene
catabolism genes is well studied. These genes are mainly located on plasmids and are
grouped into 2 operons. The upper operon includes the nahA-nahF genes, while the
lower one contains the nahG-nahM genes. These operons control the transformation of
salicylate from, and salicylate metabolism through, catechol with ring destruction and the
incorporation of metabolites into the tricarboxylic acid cycle.

The study of the genetic organization of the PAH destruction metabolic pathways by
individual strains makes it possible to further identify these pathways in the general pool
of the soil microbial community genes.

Many researchers in their studies on the metabolization of PAHs in soils focused
on the degradative abilities of individual isolated strains [7,16]. Nevertheless, isolated
bacteria can quickly utilize PAHs in model environments, but lose their properties in soil.
Isolates are not fully adapted to soil conditions, namely, to the content of carbon, nitrogen,
and phosphorus, the types and bioavailability of PAHs, and interactions with native soil
bacteria [17,18]. Currently, a lot of attention is paid to bacterial communities, since, as
a rule, representatives of different taxa are involved in multi-stage degradation of the
same pollutants [19]. Soil microbial communities are complex systems, the representatives
of which are in inextricable interaction with each other [20]. The mechanisms of these
interactions cannot be investigated by isolating individual members of the community. To
understand the metabolic processes occurring in soils and grounds, the microbiome of such
ecosystems should be considered as a single complex of organisms.

Lack of knowledge about the metabolic and adaptive potential of microbial soil com-
munities is a serious fundamental problem of modern systemic ecology. This work aimed to
study the PAH destruction genes (abundance and diversity) in pristine and technogenically
transformed soils of Southern Russia using shotgun metagenomics methods. Shotgun
metagenomics is an untargeted sequencing of all microbial genomes present in a sam-
ple [21,22]. This makes it possible to study the genetic and functional potential of microbial
communities in a sample. Here, a comparison was done of the taxonomic diversity of
microbial communities in contaminated and uncontaminated (control) plots, as well as a
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comparison of the abundance of genes (abundancy) and operons of PAH catabolism in
soil samples. During the study, metagenome-assembled genomes were reconstructed and
evaluated in terms of bioremediation of polyaromatics-contaminated soils.

2. Materials and Methods
2.1. Study Sites

To achieve the objective of the study, two monitoring sites were established. The sites
were located in the steppe landscapes of the Rostov Region (Figure 1). The selection of
sampling sites was based on historical differences in the use of territories. The soil cover of
the studied steppe landscapes is represented by Haplic Chernozem soil. Monitoring site A is
located at a distance from industrial enterprises. It is located within the specially protected
natural area (SPNA) “Persianovskaya Reserve Steppe” and serves as a background area. A
distinctive feature of this soil is the complete absence of haymaking and cattle grazing. The
soil of monitoring site B is under the continuous influence of airborne industrial emissions
from an enterprise of the first hazard class—Novocherkassk Power Station (NPS). This
enterprise is the largest supplier of electricity in Russia among coal-fired power plants.
Areas nearby the station are constantly exposed to ash coal, soot emissions, sulfur dioxide
and other pollutants.
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Figure 1. Overview of map showing location of the two sites for sampling.

The chemical and physical properties of soils are summarized in Table 1. These
soils are characterized by a heavy particle size distribution with a neutral reaction of the
environment, and a high content of organic matter.

Table 1. Main soil properties at the study sites.

Physical Clay Content

Monitoring Sites Soil Type pH (Particle < 0.01 mm) Silt (Particle < 0.001 mm) Corg, %
A 7.57 +£0.12 481+11 28.6 0.5 37+£02
Haplic Chernozem
B 7.62 £0.10 584 £1.0 312+£02 2.6+02
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2.2. Methods
2.2.1. Sample Collection and Processing

Sampling was carried out from each monitoring site using the envelope method as
prescribed in ISO 10381-1 [23]. The sampling depth was 0-20 cm, which corresponds to
the arable soil horizon. In each site, five (5) probes of soil not as far as 1 m from each other
were taken for the mixed sample. The samples were delivered to the laboratory in sealed
bags with constant refrigeration. The soil was cleaned by removing plant residues and
other natural or anthropogenic inclusions.

2.2.2. Soil Analysis
PAHs Determination in the Soil Samples

PAHSs were extracted from the soils by the standardized method to remove the co-
extracted compounds from the soil extracts using saponification [24-26]. Before extracting
PAHs, the moisture level in the soil was measured during sampling. A rotary evaporator
was used to evaporate 1 g of air-dry soil. The flask was then filled with 20 mL of a 2% KOH
solution prepared in ethanol. The extract was then refluxed for three hours in a water bath.
Refluxing would saponify soil lipids, increasing PAH recovery and lowering the quantity
of coextracted chemicals. The supernatant was separated in the Erlenmeyer flask with the
addition of n-hexane (15 mL) and distilled water (5 mL) for improved layer separation. The
liquid was shaken for 10 min before being transferred to the dividing funnel. The extracted
n-hexane was rinsed with distilled water until the pH was neutral. In the dark, the solution
was placed in a glass jar with a lid. The analyzing solution was then dewatered using five
grams of anhydrous Na;SO,. After eight hours, the extract was transferred to another
flask and evaporated until dry using a rotary evaporator bath at 40 °C For further analysis,
the residue was redissolved in 1 mL acetonitrile. The PAH content was determined by
the standardized external method [27]. The following equation was used to deduce the
PAH content:

Cs=kSi x Cst x V/(Sst x m),

where Cs and Cst are the PAH concentrations determined in the soil sample and the
standard PAH solution, respectively (ug kg~ !). Sst and Si correspond to areas under the
peak of PAH standard solution and studied sample, respectively. V, k, and m are assigned
to the acetonitrile volume used for extraction (mL), the recovery factor for PAH from the
sample, and the mass sample (g), respectively. The efficiency of target PAHs extraction
from soils was calculated using a spike matrix.

Samples were analyzed for 16 PAHs (naphthalene; chrysene; phenanthrene;
benzo[k]fluoranthene; anthracene; acenaphthylene; pyrene; fluoranthene; biphenyl;
benzo[aJanthracene; benzo[b]fluoranthene; acenaphthene; benzo[a]pyrene; dibenzo[a h]anthracene;
fluorine; benzo[g,h,i]perylene) with an Agilent 1260 (Germany) Infinity high-performance
chromatography (HPLC) equipped with a fluorescence detector following the ISO 13859:2014
requirements [28]. The HPLC system was coupled to reversed-phase column Hypersil
BDS C18 (150 x 4.6 mm, 5 pm) with a mixture of acetonitrile and ultrapure water as the
mobile phase. The retention time reported by the appropriate analytical reference samples
was used to identify compounds. The analysis included HPLC grade acetonitrile (99.9%,
analytical grade), anhydrous Na;SOy4, n-hexane (99.9%, analytical grade), ethanol (96.9%,
analytical grade), potassium hydrate (98.9%, analytical grade), and NaOH (97.9%, ana-
lytical grade). Standards for the abovementioned PAHs in acetonitrile with 200 pg/cm?
concentration (priority pollutant PAHs (in acetonitrile) NIST® SRM® 1647f) were used
to prepare standard solutions for HPLC analyses. For every target PAH, an individual
standard was used for determination. For the standards, see [17].

According to the Agilent Application Solution (ISO 13877-2005), quality control of
every HPLC detection was performed. Individual standard solutions were purchased
from Sigma-Aldrich (Merch). The certified reference materials and calibration curves were
obtained to calculate the lower detection limits (LODs) and lower quantification limits (LOQs).
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For the used method, a random component of the measurement error was estimated. The
error in the concentration range of 2-200 ug kg ! ranged between 3.5 and 14%.

DNA Extraction and Sequencing

Total soil DNA was isolated using the FastDNA™ Spin Kit for soil. To prepare the
libraries, the NEBNext Ultra II DNA library prep kit (NEB) was utilized according to
manufacturer’s instructions. Ultrasonic fragmentation of genomic DNA was performed on
a Covaris 5220 device. The quality of the obtained libraries was checked on a 2100 Bioana-
lyzer (Agilent) using the DNA High Sensitivity kit (Agilent). The DNA concentration in
the preparations was assessed using a Qubit 2.0 instrument. Sequencing was performed on
lumina NextSeq 500 equipment installed at the Interdisciplinary Center of Shared Use of
Kazan Federal University (Kazan, Russia; www.kpfu.ru (accessed on 15 June 2021)).

Metagenome Quality Control, Assembly, and Annotation

Reads corresponding to human DNA were removed using the BMTagger program [29].
Duplicate reads were removed using clumpify from the bbmap package [30]. The FastQC
program was used to control the quality of the readings [31]. Adapter sequences, low
quality (Q < 10) and short (<40 bp) reads were removed with Trimmomatic ver. 0.38 [32].
The results of the preprocessing are presented in Table 2.

Table 2. The number of raw readings in samples before and after preprocessing (Quality Control).

Soil Samples Readings before QC Readings after QC
A 79,329,568 71,292,041
B 92,191,436 83,604,114

Spades ver. was used to assemble metagenomes, version 3.15.2 (k 55) [33]. The filtered
read set was mapped to the final assembly and coverage information was generated using
bbmap (Version 38.25) using default parameters, except for ambiguous = random.

Assembled metagenomes containing contigs with the length > 500 bp were processed
through MG-RAST. Coding DNA sequences (CDSs) were predicted using prodigal ver-
sion 2.6.3 [34]. Functional annotation was performed with diamond version v2.0.13 [35] and
the KEGG database (October 2018 release) [36], and taxonomic assignment was performed
using kaiju version 1.7.3 [37]. Data visualization was performed using Krona [38].

Extraction of PAH Catabolic Genes from Shotgun Data

As a result of the annotation, the genera of microorganisms commonly represented in
the communities were identified (at least 300 contigs in the assembly of at least one sample
corresponded to such genera). A list of 179 genera is presented in Supplementary Table S1.

The Genbank service was used to search for known genes involved in PAH catabolism
in the genomes of microorganisms listed in Supplementary Table S1. A database of genes
involved in PAH catabolism was compiled, which was later used as a reference to identify
reads corresponding to catabolism genes in samples’ PAHs, and determination of their
taxonomic affiliation. The database includes genes and operons of PAH catabolism in
microorganisms of 54 genera, with a total length of ~175 kb.

To identify reads corresponding to PAH catabolic genes, filtered reads of each sample
were mapped to a reference database in sensitive-local mode. Organisms in which such genes
were found, as well as the results of mapping, are presented in Supplementary Table S2. Genes
whose readings are contained in the samples were identified and their taxonomic affiliation
was determined.
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Statistical Analysis

Statistical processing was done using the numerical program, STATISTICA 7. The
reliability of the difference between the average values of the PAH concentration in the
soils of different monitoring sites was assessed with the Student’s test at p-level < 0.05.

3. Results

In the background soil of the monitoring site of protected area A, the total content of
12 priority PAHs was 262 ug kg~! (see Figure 2), which does not exceed the content of these
pollutants in the soils of background regions of different regions of the world [39-42]. The
content of benzo(a)pyrene (BaP) is lower than the 0.02 mg kg_l, maximum permissible
concentration (MPC) (Figure 3) [43]. The composition of PAHs is dominated by low-
molecular-weight 2- and 3-ring compounds.
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Figure 2. The content of PAHs with different amounts of benzene rings in the soils of the monitoring
sites. Asterisks denote the significance of difference between PAH content in studied sites.
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Figure 3. Levels of benzo(a)pyrene (BaP) in the soils of the monitoring sites.

In the soil of the monitoring site B, located in the zone of influence of the power plant,
4 annular PAHs prevail, which is typical when exposed to the enterprises of the fuel and
energy complex [44].

For the soils of both monitoring sites, phenanthrene predominates in the composition
of 3 ring-shaped PAH compounds. For the soil of the background plot No. 1, its share of
the total content reaches 31%. The composition of 4 rings PAHs is represented mainly by
fluoranthene and pyrene. Benzo[b]fluoranthene dominates in the composition of 5 ring
PAHs (Figure 4). Thus, the prevailing composition of pollutants, such as PAHs, differs
depending on the historical conditions of use of the studied territories, as well as on the
genesis of soils.



Processes 2022, 10, 2555

7 of 17

°

More

3 rings 4 rings S rings 2 rings
—— Fluoren C— Fluorantene 1 Benzol[b]fluoranthene C— Naphthalene
[N Phenanthrene I Pyrene mmm Benzo[k]fluoranthene 6 rings

7773 Anthracene E=ZZ Benzo[a]anthracene £224 Benzo[a]pyrene

=5 Dibenzo[a,h]anthracene

I Benzo[g,h,i]perylene

Figure 4. The share of individual PAH compounds from their total content in soils of the monitoring
sites A and B.

3.1. Taxonomic and Functional Data Classification

The relative numbers of bacteria at the class level show that in both samples (uncon-
taminated and contaminated), the Terrabacteria group dominates (50 and 47% of all bacteria,
respectively). The phyla Actinobacteria (84 and 82%, respectively) as well as Chloroflexi
(5%) and Firmicutes (7 and 8%) are the most well-represented in the Terrabacteria group.
Actinobacteria are well-known soil microflora members, that are known for their metabolic
potential to survive in the presence of a wide range of contaminants. In an uncontaminated
sample, the Actinomycetia class accounts for 73% of all actinobacteria and 31% of all bacteria,
while in a contaminated sample, it accounts for 74% of all actinobacteria and 28% of all
bacteria. It is represented by the orders Micrococcales, Corynebacteriales, Propionibacteriales,
Streptomycetales, Pseudonocardiaceae, Micromonosporaceae (Figure 5a,b). Firmicutes are
represented by the classes Bacilli and Clostridia. The Bacilli class accounts for 50 and 51% of
all Firmicutes in uncontaminated and contaminated samples, respectively, while Clostridia
accounts for 40 and 39%, respectively.
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Figure 5. Cont.
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30% of
root

Actinomycetia
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Figure 5. Krona plots of Actinomycetia detected in metagenomic datasets. (A) non-polluted, (B) pol-
luted soil. Note: Taxonomic nodes are nested sectors arranged from the highest level of the hierarchy
at the center and progressing outward. Krona plots simultaneously display relative abundance and
hierarchy using a radial space-filling display. Taxonomic groups are separated by color.

3.2. Reconstruction of Metagenome-Assembled Genomes

The raw filtered readings were collected in contigs (Table 3).

Table 3. Characteristics of assemblies.

Characteristics A B
The number of contigs in the
assembly (>500 bp) 49,461 56,636
First contig length, bp 76,132 26,183
Affiliation of the first contig Candidatus Nitrososphaera Bradyrhizobium sp.
according to RefSeq database gargensis Ga9.2 CCBAU 53421

Actinobacteria have the highest abundance in the samples. Their share in communities
A and B is 50.32% and 48.22%, respectively. The share of proteobacteria is 22.41% and
23.37%, respectively, in A and B (Figure 6).

With the data obtained, we assume that the microbiome of Haplic Chernozem soils
in its existence for a long time reaches a certain homeostasis. The soil rich in macro- and
microelements makes it possible to maintain a taxonomically diverse community, which
has a high potential for adaptive reactions. Due to these properties of the soil, the ingress
of complex pollutants into it (in our case, PAHs) does not suppress the microbiome, but
allows it to adapt. Based on the calculated values of the alpha-diversity parameter when
comparing Shannon’s diversity test (Table 4), we assume that in terms of the abundance of
different species and their diversity, the communities of the unpolluted and polluted areas
are similar.
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Figure 6. Stacked bar charts representing relative phylum-level abundances for the most abundant
phyla based on the taxonomic affiliation of the annotated proteins within each metagenome.

Table 4. Alpha diversity of samples.

Sample Alpha-Diversity
A 378
B 372

Even though archaea are an important part of soil microbiomes, their metabolic
potential in comparison with bacteria is extremely poorly understood. However, we can
already see that in a contaminated sample containing a mixture of heavy PAHs, the archaeal
part of the community is not inhibited. Archaea are dominated by 3 types—Euryarchaeota,
Thaumarchaeota and Crenarcheota (Figure 7). The ability to catabolize PAHs in archaea
has been repeatedly noted but practically nothing is known about PAH catabolism genes in
them [45,46].
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Figure 7. Archaeal profile of the samples in A (non-polluted), B (polluted) soil.

In the taxonomic classification of reads, we found that among Euryarcheota, the most
represented by reads are the Halobacteria and Methanomicrobia (Stenosarchaea group)
classes. Among Thaumarchaeota and Crenarcheota, the Nitrososphaeraceae family and the
Thermoprotei class (Figure 8A,B), respectively, are most represented by reads.
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Figure 8. Krona plots of Archaea detected in metagenomic datasets. (A) non-polluted, (B) pol-
luted soil.
3.3. Identification of Aromatic Hydrocarbon-Degrading Coding DNA Sequences

With the help of the KEGG service, a functional annotation of the collected metagenomes
has been summarized (Table 5).



Processes 2022, 10, 2555

11 of 17

Table 5. Functional annotation of the collected metagenomes.

Samples Genes Predicted Genes Functionally Annotated Genes Functionally Annotated, %
A 90,889 30,457 33.5
B 90,520 32,865 36.3

In sample B, 316 coding sequences (CDS) were found, and in sample A, 291 CDS were
found, that are involved in the catabolism of xenobiotics, including PAHs (Figure 9).

5000
4500
4000
3500
3000
2500

2000
1500
E |[
o Il
0 ...--._

1 23 456 7 8 91011121314 151617 18 19 20 21 22

Number of genes

Functional class

Figure 9. KEGG function classification genes found in metagenomes of samples B (blue
color) and A (red color). 1—Protein families: genetic information process, 2—Carbohydrate
metabolism, 3—Protein families: signaling and cellular processes, 4—Genetic Information Pro-
cessing, 5—Environmental Information Processing, 6—Unclassified: metabolism, 7—Amino acid
metabolism, 8—Unclassified, 9—Metabolism of cofactors and vitamins, 10—Nucleotide metabolism,
11—Unclassified: genetic information processing, 12—Cellular processes, 13—Lipid metabolism,
14—Protein families: metabolism, 15—Energy metabolism, 16—Unclassified: signaling and cel-
lular processes, 17—Glycan biosynthesis and metabolism, 18—Metabolism of other amino acids,
19—Metabolism of terpenoids and polyketides, 20—Organismal systems, 21—Biodegradation of
xenobiotics, 22—Secondary metabolites” biosynthesis.

The breakdown of aromatic hydrocarbons occurs through a series of reactions in-
cluding oxidation, hydroxylation, dehydrogenation, and ring breakdown. To study the
representation of PAH catabolism genes in the metagenome of soil communities, we se-
lected 179 bacterial genera that can be classified as common in communities, and using the
Genbank NCBI database, we compiled a set of sequences of PAH catabolism genes and
operons in representatives of these genera. Since many bacteria do not have information on
such genes in the Genbank NCBI, the final version of our database includes information on
the genes and operons of PAH catabolism in 55 bacterial genera (Supplementary Table 52).

Complete operons of PAH catabolism are known in such genera as Burkholderia, Pseu-
domonas, Rhodococcus, Marinobacter, Azoarcus, Gordonia. There is also information on
gene clusters of PAH catabolism in Variovorax, Bradyrhizobium, Albidiferax, Sphingobium,
Ralstonia. In our samples of Haplic Chernozem (both in unpolluted and contaminated
PAHs), readings of the PAH catabolism operons were found in Azoarcus, Bradyrhizobium,
Burkholderia, Gordonia, Rhodococcus, Variovorax.

The genetic system of naphthalene catabolism in actinobacteria is quite universal. It
is represented by a gene cluster that includes genes encoding rubredoxin (Rub1), regu-
lator proteins NarR1 and NarR2, Naphthalene dioxygenase subunits NarAa and NarAb,
Naphthalene dihydrodiol dehydrogenase NarB and Hydratase—aldolase NarC [15].

In the results of sequencing of soil metagenomes of both contaminated and uncontam-
inated samples, we found readings corresponding to the genes of the catabolism operons
of naphthalene for Gordonia (128 and 192 reads, respectively) and Rhodococcus (195 and
264 reads, respectively).

The ability of representatives of Azoarcus to utilize PAHs is periodically mentioned in
the literature [47,48]. However, not much is known about the pathway of PAH metabolism in
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this genus. We analyzed the genomes of known Azoarcus, placed in the Genbank database,
and identified 11 genes related to the destruction of naphthalene. Among them are naph-
thalene dioxygenase in large (nagAa) and small (nagAb) subunits, salicylate-5-hydroxylase
(nagG and nagH subunits), nagl dioxygenase gentisate, as well as two regulators-nahR1
and nahR2 and the nahY protein, which is responsible for chemotaxis towards the carbon
source. The genes are organized into 2 operons, similar to the structure characteristic of
pseudomonads, and the chemotaxis protein is separate.

For Variovorax, we found readings corresponding to two naphthalene dioxygenase
subunits and two salicylate hydroxylase subunits. The total length of genes for naphthalene
catabolism in Variovorax is about 7000 bp. (Supplementary Table S2). However, it should
be noted that these genes in Variovorax are currently poorly understood.

Normalized gene counts of the main PAH catabolic genes were identified in the sam-
ples (Table 6). It is worth noting that the number of genes is comparable in a contaminated
and uncontaminated sample. Therefore, it can be assumed that both the number of these
genes and the number of organisms carrying them do not depend on the presence of the
pollutant in the soil.

Table 6. Normalized gene counts of major PAH catabolic genes in samples.

Gene Types Gene Function Code A B

nahY (chemotaxis protein) K03406 6 3

nagA (naphthalene dioxygenase) K01443 12 5

nagG_1 (salicylate hydroxylase) K00499 4 4

Rieske 2Fe-2S domain-containing protein K05710 12 8

homogentisate 1,2-dioxygenase K00451 5 8

FAD dependent oxidoreductase Ko00111 16 15
Number of genes with assigned KO number 30,457 32,865

4. Discussion

Basically, the aerobic catabolism of PAHs by bacteria is studied using the example of a
model two-ring compound, naphthalene [49]. However, the process of destruction of PAHs
with 3 or more rings has also repeatedly attracted the attention of many scientific groups [50,51].
When analyzing soils subjected to technogenic stress (a sample from the NPS), we found
that there are only 3 times more 2-ring PAHs in this sample than in the control one. As
for PAHs with 3-6 rings, their content in the contaminated sample was at least 10 times
(Figure 3) higher than the amount in the uncontaminated sample. Such compounds,
denoted by the general term HMW-PAH (high molecular weight), are extremely resistant to
bacterial degradation [52,53]. In this regard, we focused on studying the genetic potential
of the microbial community, which makes it possible to utilize these compounds.

The ability to biodegrade three-ring PAHs has been found in many microorganisms [54,55].
We identified genes of the phenanthrene operon Novosphingobium, as well as genes for
catabolism of fluorene and protocatechuic acid, in the assemblies of complete metagenomes.
In Sphingomonas, genes for catabolism of fluorene and protocatechuic acid are included
in the fld operon. According to Pinyakong et al., Sphingomonas can convert fluorene to
fluorenone and then through phthalate and protocatechuic acid. The fld cluster of genes
has been described in detail [56]. The readings corresponding to the representatives of
Sphingomonodaceae in our data (uncontaminated and contaminated samples, respectively)
constitute 1 and 0.7% of reads of all bacteria, 4 and 6% of all proteobacteria.

It is also interesting that the pathway of fluorene catabolism in rhodococci is assumed
to be different [57]. According to the results of Wang et al., the destruction of fluorene begins
with hydroxylation and cleavage of one of the outer rings, similar to the destruction of
dibenzothiophene along the Kodama pathway [58]. However, unlike the Kodama pathway,
the putative pathway for the cleavage of fluorene by rhodococci is not a dead end but
leads to the formation of salicylate. We did not find information in the literature or in the
Genbank database on specific genes that control this pathway. Hence, at the moment, we
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assume that the degradation of fluorene by rhodococci is controlled by the nar gene system,
the main reaction of which is hydroxylation of naphthalene in one of the rings.

Among the genes for anthracene catabolism, we noted in our data the specific gene
Anthrone monooxygenase. The transformation of anthracene through anthrone is typical
for fungi, especially for Penicillium simplicissimum. According to Jove et al., P. simplicissi-
mum oxidizes anthracene to anthrone, which is then transformed into anthraquinone and
phthalate [59]. We found an anthrone monooxygenase belonging to Streptomyces. This
gene is included in the anthracene catabolic operon, which is specific for streptomycetes.

Addition of rings and increase in molecular wight does not imply the need to use a dif-
ferent type of reaction for their destruction, in addition to those listed above. HMW-PAHs
are cleaved by bacteria through sequential hydroxylation and further ring opening, as
shown, for example, for bacilli [60]. These reactions are carried out by the same enzyme sys-
tems as the catabolism of the lighter PAHs. We found an extensive pool of PAH catabolism
genes in the microbial communities of Haplic Chernozem. Genes have different taxonomic
affiliations. We got similar results for contaminated and uncontaminated samples. This
allows us to assume the following:

Biodegradation of polyaromatic hydrocarbons, as a rule, does not imply highly specific
reactions requiring specialized enzymatic systems or unique taxa. As described in detail
above, PAHs undergo sequential multistage conversion by oxygenation, hydroxylation,
modification of functional groups and cycles to facilitate steric access to them by enzymes, as
well as ring opening. Moreover, in the overwhelming majority of cases, enzymes of different
microorganisms are simultaneously involved in this process, and the microorganisms
themselves are taxonomically quite distant from each other (for example, streptomycetes
and pseudomonads). This is especially typical for HMW-PAH due to physicochemical
reasons: poor-water solubility and high recalcitrance due to sorption on soil matter lead
to very low rates of mobilization and transport of these molecules or their derivatives
into the cells of microorganisms, rates that are not compatible with the metabolic needs of
individual cells [61]. For this reason, we must talk about the degradation of complex PAHs
by the enzymatic system of a consortium of microorganisms, and not by its individual
representatives [19].

This state of enzymatic systems for the biodegradation of PAHs as a not-one-genome
phenomenon, but dependent on the existence at the level of the metagenome of the entire
microbial community, inevitably leads to low specificity, but at the same time multifunc-
tionality of enzymes that catabolize the transformation of PAHs. Thus, many oxygenases
have a very wide range of substrates and low specificity [62,63]. For example, oxygenases
of the P450 family isolated from fungi have been shown to oxidize both PAHs and lignin,
while naphthalene dioxeganases have been shown to be capable of enzymatic conversion
of humic substances [64]. Several laccases have been shown to oxidize PAHs, which is true
for both fungi and bacteria [65]. All this indicates the ability to transform and metabolize a
wide range of complex organic substrates, especially those with a similar structure, which
is especially important in the context of the Haplic Chernozem soils in this study.

Haplic Chernozems are characterized by a high content of total and dissolved or-
ganic matter, which includes supramolecular organic complexes of varying complexity—
humin, humic and fulvic acids, as well as their polymer precursors at different stages of
transformation—degradation and condensation products of cellulose, chitin, lignin and
proteins. It seems highly probable that at least some of the enzymes involved in PAH
catabolism can be used to convert other (poly) aromatic compounds in the soil organic
matter of Haplic Chernozem.

This is not the only reason why the found soils exhibit a similar abundance and
diversity of PAH destruction genes. Although PAHs present in ecosystems are mainly
of petrogenic and pyrogenic origin, polyaromatic hydrocarbons entering soils can also
be of non-anthropogenic, namely of biogenic and/or diagenetic nature [66,67]. Non-
biogenic diagenetic processes that introduce PAHs into soils are fires, volcanic activity,
kerogen diagenesis, and erosion of ancient sedimentary rocks [68]. As for biogenic PAHs,
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perylene and retene are typical examples [69,70]; naphthalene, phenanthrene, and chrysene
derivatives are less frequently mentioned [70-72]. Such PAHs are most often formed
extracellularly by diagenesis of various biogenic molecules, such as plant waxes, terpenoids,
and hopanoids from prokaryotic membranes [67,70,73]. The object without anthropogenic
load in this study was represented by the soils of the protected area, where agricultural
activities have never been carried out. Since the sorption of PAHs by soil matter increases
with the time of the presence of PAHs in the soil, we can assume the accumulation of
biogenic polycyclic hydrocarbons in these soils, and hence the selection pressure in favor
of the preservation of the potential for PAH destruction by the microbial community.

Finally, a significant part of the soil community capable of PAH degradation does not
have to be metabolically active and be constantly presented to PAHs. High concentrations of
PAHs in soils are still oligotrophic concentrations, and in addition to PAHs, microorganisms
capable of utilizing them have to be able to use other carbon sources. This also implies
the previously discussed low specificity and multifunctionality of enzymatic systems for
PAH degradation. At the same time, some, mostly oligotrophic, microorganisms may exist
most of the time in a dormant state as dormant cells or viable, but non-culturable cells, or
in a quasi-stationary state, when the population maintains a relatively constant number
of cells [61]. Thus, the processes and causes listed above, most likely, provide a similar
representation and diversity of PAH destruction genes in Haplic Chernozem with radically
different levels of anthropogenic load.

5. Conclusions

Currently, shotgun metagenomics of soil communities is amongst the focusses of
research in science. The main difficulty in analyzing data on the complete genomes of
soil microbial communities is the absence of references for assembly, such as with the
metagenomes of the bacterial microflora of humans and animals. We used sequencing
data for the complete genomes of microbial communities in Haplic Chernozem to obtain
information on the taxonomic diversity of soil bacteria, as well as genes involved in PAH
catabolism. A wide variety of such genes has been found, both as individual genes and
as operons. Readings of the PAH catabolism operons were found in taxa known for the
ability to degrade PAHs, such as Gordonia and Rhodococcus, but also in taxa where
this connection is not clear: Azoarcus, Bradyrhizobium, Burkholderia, Variovorax. The
revealed abundance of PAH-degraders or their genes in both sites also indicated the
unspecificity and multifunctionality of metabolic pathways encoded in the genes of PAH-
degrading microorganisms. In our search, we were limited to the information available in
the databases on the genes of naphthalene catabolism in bacteria of different genera. Most
likely, information on the genes of bacteria that are not widespread soil degraders of PAHs
might not have been included in the material presented in this work, since information
on these genes is not available in the databases. Nevertheless, the data obtained on the
taxonomic and genetic diversity of soil microbial communities make it possible to evaluate
the potential of PAH degrading bacteria in Haplic Chernozem.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10122555/s1, Table S1: Genera, that were represented by 300
or more contigs at least in one sample; Table S2: Dominating taxa for which Genbank search revealed
presence of PAH catabolism genes. Column «cluster length» provides information on length of genes
or operons associated with PAH catabolism.
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