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Abstract: The main objectives of this study were to isolate bacteria from soil chronically contaminated
with polycyclic aromatic hydrocarbons (PAHs), develop an autochthonous microbial consortium,
and evaluate its ability to degrade PAHs in their native contaminated soil. Strains with the best
bioremediation potential were selected during the multi-stage isolation process. Moreover, to choose
bacteria with the highest bioremediation potential, the presence of PAH-degrading genes (pahE)
was confirmed and the following tests were performed: tolerance to heavy metals, antagonistic
behavior, phytotoxicity, and antimicrobial susceptibility. In vitro degradation of hydrocarbons led to
the reduction of the total PAH content by 93.5% after the first day of incubation and by 99.22% after
the eighth day. Bioremediation experiment conducted in situ in the contaminated area resulted in
the average reduction of the total PAH concentration by 33.3% after 5 months and by over 72% after
13 months, compared to the concentration recorded before the intervention. Therefore, this study
implicates that the development of an autochthonous microbial consortium isolated from long-term
PAH-contaminated soil has the potential to enhance the bioremediation process.

Keywords: applied microbiology; autochthonic microorganisms; bioremediation; polycyclic aromatic
hydrocarbons; soil pollution

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are made up of two or more fused aromatic
rings and are ubiquitous organic contaminants in the environment [1,2]. Being lipid
soluble and quickly absorbed by mammals, with established teratogenic, mutagenic, and
carcinogenic effects, 28 of these non-polar substances have been listed as priority pollutants
by both the US Environmental Protection Agency (EPA) and European Union (EU) [1-3].

While PAHs can occur naturally, they mostly originate from anthropogenic processes.
The level of PAHs in soils in urban areas is approximately 2-10 times higher than in rural
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areas [1]. Many former industrial sites occur near city centers and have high land value,
therefore there is a need to purify the soil to meet development requirements and increase
the attractiveness of those sites [4]. PAHs are highly hydrophobic, immobile, and stable
chemical structures, which can be rapidly absorbed by soil particles which results in their
persistence in the environment and difficulties in removing them [1,5]. The presence of
PAHs in soils exerts pressure on the microbial community that suffers a reduction in soil
microbial richness and also a reduction in soil functionality [6,7]. Moreover, it has been
shown that they can be up-taken by crops. A study on vegetables, such as lettuce, potato,
and carrot, grown in soils contaminated by PAHs showed elevated levels of several trace
elements and PAHs. Vegetables that accumulate part of the dangerous substances from the
soil pose a danger for consumers and are not authorized for consumption by humans and
animals, which increases cost in the agriculture sector [8].

The technologies to eliminate PAHs from the natural environment include solvent
extraction, chemical oxidation, photocatalytic degradation, electrokinetic remediation,
thermal treatment, incineration, soil washing, bioremediation, phytoremediation, bioaug-
mentation, biostimulation, composting/biopiles, and bioreactors. However, it should
be emphasized that, in many cases, a combination of these techniques may be the most
effective, especially when the soil is chronically contaminated [3,9,10]. The biological
treatment of contaminated soil (bioremediation) is defined as a more financially affordable
and adaptable option than physicochemical treatments and provides strong advantages,
such as the possibility to degrade pollutants with high efficiency at lower treatment cost,
greater safety, and lower soil disturbance [10]. One of the bioremediation processes is
bioaugmentation, which involves the addition of external microbial strains (indigenous
or exogenous), found in aqueous environments, soils, or sediments, to co-metabolically
degrade PAHs [3,11,12]. Bioaugmentation has been considered a valuable tool for increas-
ing the rate and extent of the biodegradation of target toxic molecules. Moreover, when
using bioaugmentation, it seems more practical to use autochthonous (indigenous to the
site) microorganisms because of environmental factors influencing the effectiveness of
bioaugmentation [13]. Under the influence of the environmental pressure caused by PAHs,
microorganisms adapt to these unfavorable living conditions, often unveiling a bioremedia-
tion potential. Organic pollutants act as a C source for environmentally adapted organisms,
which through co-metabolism and synergism are able to remove the contaminant. Quite
frequently, bioremediation releases intermediates of degradation pathways which could
be less toxic to the environment [14]. Therefore, these autochthonous microorganisms, if
isolated, cultivated, and introduced back to the soil, can efficiently remove PAHs without
the necessity to implement any foreign strains [10]. Microorganisms used for bioaugmenta-
tion are often used in the form of microbial consortia, which, in general, are more efficient
in removing PAHs from contaminated sites because of a diversity of enzymatic activities
and synergistic effects, increasing biodegradation performance [15]. Microbial consortia
may consist of bacteria, ligninolytic fungi, algae, or mixed cultures [16,17], and could
consist of between two and fifty isolates, with five on average [3,18-23]. The choice of
microorganisms for the consortium development requires selection, including confirma-
tion of the presence of genes responsible for the production of enzymes that break down
PAHs. Culture-independent methods, especially genetic methods, are applied to identify
diversity and microbial groups associated to PAH degradation in sites. The most widely
used approach is based on 165 rRNA gene-PCR amplification which is used to associate the
known metabolic profile of the taxon with bioremediation potential [24]. Apart from that,
PAH-degrading genes such as nahAc, phnAc, nagAc, pahAc, and pahE, etc., can be detected
to directly associate the bioremediation potential with a given strain [17,25].

Even though autochthonous bicaugmentation has great potential to reduce PAH con-
centrations in the environment, and this strategy was previously discussed in the literature,
a limited number of reports have been published on autochthonous bioaugmentation in
situ [13]. In this study, we hypothesized that the contaminated soil can be used to obtain an
autochthonous microbial consortium for the efficient bioaugmentation of soil contaminated
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with phenol and PAHs from roofing tar production, that can then be applied on the surface
of the soil and into deeper layers by boreholes to assist the bioremediation process. PAH
pollution in our area of interest was monitored throughout the years (2015-2018) and the
concentration of PAHs was not significantly lowered during that time. For that reason, our
study aimed at: (a) isolating bacteria from an aged, PAH-contaminated soil, (b) developing
an autochthonous microbial consortium, and (c) evaluating its ability to reduce the content
of selected PAHs in laboratory and native environments.

2. Results
2.1. Bacteria Isolation and Identification

In total, 44 strains were isolated from contaminated soil and subjected to further
selection. After the spot test assay, 21 strains were selected based on their ability to
grow on the minimal medium enriched with PAHs. The second test, conducted in the
liquid medium, led to the selection of the final 14 strains, characterized as bacteria with a
potential to decompose PAHs and phenol. The analysis of the 165 rRNA gene indicated
that these 14 isolates represented seven genera: Achromobacter sp. (strain 20), Arthrobacter
sp. (strains 26, 27, 29), Microbacterium sp. (strain 11), Pseudomonas sp. (strains 17, 36, 38,
41), Cupriavidus sp. (strain 22), Rhodococcus sp. (strains 24, 40, 44), and Streptomyces sp.
(strain 19). Isolates were deposited in the GenBank database under the following accession
numbers: MT755842-MT755855 (forward) and MT755859-MT755872 (reverse). The detailed
characterization of isolates is presented in the Supplementary Materials (Tables S2-S7,
Figures S1 and S2).

2.2. Detection of PAH-Degradation-Related Gene

Isolated strains differed concerning PAH-degradation gene presence. The assay re-
sulted in at least one product for every tested strain (strains 11, 19, 20), however, most of
them were characterized with two or more products. The pahE1 product was present in
9 strains, pahE2 in 4 strains, pahE3 in 11 strains, and pahE4 in 12 strains. The detailed results
are presented in Table 1.

Table 1. Presence of genes related to PAHs decomposition in isolated strains: (+) presence of the
gene, (-) absence of the gene.

Gene
Strain Strain Genera pahE1l pahE2 pahE3 pahE4
11 Microbacterium sp. - - - +
17 Pseudomonas sp. + - + +
19 Streptomyces sp. + - - -
20 Achromobacter sp. - - - +
22 Cupriavidus sp. + + + +
24 Rhodococcus sp. - - + +
26 Arthrobacter sp. - - + +
27 Arthrobacter sp. - - + +
29 Arthrobacter sp. + + + +
36 Pseudomonas sp. + + + +
38 Pseudomonas sp. + + + +
40 Rhodococcus sp. + - + +
41 Pseudomonas sp. + - + +
44 Rhodococcus sp. + - + +

2.3. Effectiveness of In Vitro Hydrocarbon Degradation

After the first day of in vitro tests, the amount of every tested substance was sig-
nificantly lower than the initial calculated values (100%), both in the tested and control
samples, shown in Table 2. The absolute values are shown in the Supplementary Materials
(Table S8). The content of the total PAHs after the first day decreased from 8300 nug/L to
1600 pg/L in the control sample and 650 pg/L in the tested one. After the eighth day of
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incubation, the content of the PAHs decreased and reached 930 pg/L and 78 pg/L for
the control and tested sample, respectively. Although the reduction of the PAHs was also
observed in the control sample, it was greater in the sample containing the microbiological
consortium. After the first day, the reductions of phenanthrene, anthracene, fluoranthene,
chrysene, and the total PAHs in the tested sample were at least twice as big as in the
control samples. At the end of the experiment, the reduction values of the total PAHs
between the control and tested samples differed approximately tenfold. The mixture of
PAHs, after treatment with the bacterial consortium, led to the almost complete removal of
the selected PAHs, i.e., less than 2% of each compound was detected in comparison to the
initial concentration.

Table 2. PAHs and phenol content in the samples after: (a) 1 day, (b) 8 days of incubation as a
percentage of the calculated initial concentration of PAHs and phenol.

Substance Content in Comparison to the Initial Calculated Content [%]

1 Day of Incubation 8 Days of Incubation
Hydrocarbon  Control Sample  Tested Sample  Control Sample  Tested Sample
(without (Added (without (Added
Consortium) Consortium) Consortium) Consortium)

Phenol 73.06 62.82 65.29 0.29
Naphthalene 19.23 15.00 10.00 0.04
Phenanthrene 21.36 8.64 17.27 1.73
Anthracene 8.33 2.33 4.89 0.78
Fluoranthene 27.65 2.53 13.53 1.82
Chrysene 4.44 0.52 1.33 0.20
Total PAHs 18.39 7.47 10.69 0.90

2.4. In Situ Application of Microbiological Consortium

The permissible concentrations of PAHs were exceeded in the studied soil, i.e., over
250 mg/kg for the total of PAHs and 50 mg/kg for each hydrocarbon. In contrast, the
phenol content was lower than identified as contamination under the Regulation of the
Minister of the Environment of 9 September 2002 on soil quality standards and ground
quality standards (Journal of Laws of the Republic of Poland 2002 No. 165, item 1359). The
bioremediation effect on the remediation area was assessed 5 and 13 months after the
application of the consortium onto the polluted area (Tables 3 and 4). The total concentra-
tion of PAHs decreased at Spot 1 from 2635.0 mg/kg (100%) (May 2019) to 2344.0 mg/kg
(88.9%) in October 2019 and then to 977.4 mg/kg (37.1%) in June 2020. In spite of the
fluctuation of particular compound concentrations, the final values of each hydrocarbon
were lower than at the beginning. At Spot 2, phenol, phenanthrene, anthracene, and
chrysene reduction were obtained in October 2019 (19.7%, 84.0%, 82.6%, and 59.9% of the
initial value, respectively). However, other compounds and the total PAH concentrations
increased (naphthalene 119.4%, fluoranthene 285.7%; total PAHs 174.7% of initial value).
The ecological effect was obtained only later, in June 2020, when the total PAHs decreased
by more than a half (48.21% of the initial value). Spot 3 was significantly purified from
hydrocarbons in October 2019 (7% of the initial value), although in June 2020 an increase
in fluoranthene concentration to 186.4% of the initial value had influenced the final result.
The mean reduction value of every hydrocarbon decreased after 13 months from the ap-
plications of the bacterial consortium in comparison to the results from May 2019 (with
two exceptions: phenanthrene (Spot 2) and fluoranthene (Spot 3)). The most impressive
change was observed in the phenol index at all spots. Other compounds’ reduction varied
depending on the spot.
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Table 3. Hydrocarbon concentration in soil (3 spots).
Acceptable Concentration [mg/kg] in Soil (0-2 m below Ground Level)
Hydrocarbon Concentration * 05/2019 10/2019 06/2020

[mg/kg] Spotl Spot2 Spot3 Spotl Spot2 Spot3 Spotl Spot2 Spot3

Phenol index 50 23.2 17.8 12.5 1.7 3.5 0.8 3.8 0.28 0.17

Naphthalene 50 407.0 108.0 135.0 353.0 129.0 55 74.7 13.6 17.0
Phenanthrene 50 736.0 144.0 1073.0 500.0 121.0 39.0 698.1 154.2 212.3
Anthracene 50 692.0 144.0 675.0 670.0 119.0 33.7 431.2 102.2 110.4
Fluoranthene 50 503.0 175.0 76.0 375.0 500.0 43.5 455.1 18.5 141.6

Chrysene 50 148.0 68.0 136.0 127.0 40.7 16.6 138.4 58.1 27.3
Total PAHs 250 2635.0 724.0 2289.0  2344.0 1265.0 160.0 977.4 349.0 242.0

* According to the Regulation of the Minister of the Environment of 9 September 2002 on soil quality standards and ground quality
standards (Journal of Laws of the Republic of Poland 2002 No. 165, item 1359).

Table 4. Percentage of the hydrocarbons in comparison to initial values before consortium application.

Percentage of the 05/2019 Value [%]

Hydrocarbon 10/2019 06/2020

Spot1 Spot 2 Spot 3 Spot 1 Spot 2 Spot 3

Phenol index 7.3 19.7 6.7 16.3 1.57 1.33

Naphthalene 86.7 119.4 41 18.4 12.57 12.6

Phenanthrene 67.9 84.0 3.6 949 107.1 19.8

Anthracene 96.8 82.6 5.0 62.3 71.0 16.4
Fluoranthene 74.6 285.7 57.2 90.5 10.6 186.4

Chrysene 85.8 59.9 12.2 93.5 85.48 20.1

Total PAHs 88.9 174.7 7.0 371 48.21 10.6

3. Discussion

In this work, the selection process has led to the formulation of the microbiological
consortium containing 14 isolates that have been tested in vitro to confirm their biotechno-
logical potential. Detailed data for this part (apart from PAH degradation that is the main
objective in this study) is presented in the Supplementary Materials and discussed below.

The primary group included 21 strains, however, seven of them were rejected due to
a lack of efficient growth in the liquid cultures. Perhaps these bacteria were oligotrophs
that could utilize agar as a sole carbon source, or the environment of the liquid medium
was not suitable for their growth [26]. Another possibility is that they could be more
sensitive to the contamination in the liquid medium, because of the increased availability
of substances in this environment [27]. The isolates (Arthrobacter sp., Pseudomonas sp.,
Rhodococcus sp., and Streptomyces sp.) obtained in our study belong to taxa previously
associated with biodegradation [11,28]. However, other genera often implemented in the
bioremediation process, such as Alcaligenes sp., Burkholderia sp., Comamonas sp., Flavobac-
terium sp., Micrococcus sp., Mycobacterium sp., Pasteurella sp., Sphingomonas sp., and Vibrio
sp., were not found in our soil samples [11,28]. The taxonomic affiliation of the isolates has
been confirmed with the analysis of the 16S rDNA sequence. Furthermore, the obtained
phylogenetic tree, along with biochemical characteristics of the isolates, indicated that the
isolates belonging to the same species were different strains. These results are shown in the
Supplementary Materials (Tables S2 and S3).

Heavy metal contamination of soil was tested before the research, and concentrations
of these pollutants (Supplementary Materials, Table S1) were not overdrawing the values
included in the Regulation of the Minister of the Environment of 9 September 2002 on soil
quality standards and ground quality standards (Journal of Laws of the Republic of Poland 2002
No. 165, item 1359). Nevertheless, the tolerance to heavy metals (Supplementary Materials,
Table S4) was tested due to the frequent co-existence of xenobiotics and heavy metals in soils
contaminated with PAHs [29-31]. Concentrations of heavy metals chosen for the tolerance
experiment ranged from 25 to 0.20 mM (for Zn, Cu, Cd), 12.5 to 0.10 mM (Co and Ni), 7.5
to 0.06 mM (Pb), and 3.75 to 0.03 mM (Hg), and were similar to the concentrations used by
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other groups [20-23]. Strain no. 17 was reported with the maximum tolerable concentration
(MTC) of 7.5 mM for Pb which is greater than values obtained by Pages et al. [32] and
Bhojiya and Joshi [33], where MTC was 5 mM and 0.75 mM, respectively. Isolates no. 36
and 38 presented tolerance to 6.25 mM of Cu, as opposed to 5 and 1 mM, respectively,
obtained by other groups. The results of MTCs for Ni ranged from 0.39 to 1.56 mM and
are slightly lower than that presented by Bhojiya and Joshi [33]—2 mM— and significantly
lower than that reported by Pages et al. [32]—10 mM. However, the examined tolerance
to Co was between the value obtained by Pages et al. [32]—0.1 mM— and Bhojiya and
Joshi [33]—7 mM. The tolerance to Cd salts varied among the strains and ranged from
0.39 to 6.25 mM with only two susceptible bacteria in the whole group. No resistance
was detected to mercury, which was proved to be the most toxic [34,35]. Pseudomonads
obtained the highest MTC values in most cases, which confirms results found in the
literature [33,36-38]. Furthermore, the increased tolerance to heavy metals was expected in
the prepared consortium, as genera other than Pseudomonas sp., such as Arthrobacter sp.,
Streptomyces sp., Microbacterium sp. or Rhodococcus sp., have been previously mentioned
as bacteria tolerant to high concentrations of heavy metals, making the consortium less
vulnerable to the negative effects associated with heavy metal contamination that often co-
occurs with PAH contamination [34,39-43]. Obtained results showed the elevated tolerance
of bacteria selected for the consortium to relatively high concentrations of heavy metals,
which strengthened their potential to be used in the bioremediation of contaminated soil
(see Supplementary Materials, Table S4).

Agricultural, urban, and pristine soils are suspected to be an important reservoir of
antibiotic resistance genes, and a potential source for antibiotic resistance in pathogenic
bacteria infecting animals and humans [44—47]. It is likely that anthropogenic pollutants,
such as heavy metals and PAHs, may contribute to increased antibiotic resistance in bacte-
ria, either via co-resistance or cross-resistance [48-51]. Chen et al. [50] and Wang et al. [49]
discovered that the presence of PAHs can lead to the dissemination of antibiotic resistant
genes in soil bacteria. In addition, Maurya et al. [52] pointed out the connection between
PAHSs and genes encoding efflux pumps, that may increase antibiotic resistance in envi-
ronmental bacteria. Even though we found an increased antibiotic resistance (particularly
in pseudomonads) in the selected group, the 16S analysis and general growth patterns
indicated that none of the detected bacteria belonged to species with a high clinical sig-
nificance [53,54] (see Supplementary Materials, Tables S6 and S7). The BLAST engine
did not suggest a strong association with clinically relevant species such as Pseudomonas
aeruginosa or Achromobacter xylosoxidans, whereas streptomycetes are generally known for
their increased resistance to antibiotics [55]. For these reasons, all 14 strains have been
included in the final consortium.

Most of the consortium strains (9 of 14) did not show any observable antagonism
against other strains in the laboratory conditions, while the minority expressed only slight
effects. Therefore, all 14 strains were admitted to the final consortium (Supplementary Ma-
terials, Figure S1 and Table S5). According to the literature, the antagonistic activity of
Pseudomonas spp. towards bacteria and fungi does not advise against including them in
a bioremediation consortium [56]. Similarly, the antagonistic effect of the Streptomyces sp.
against Arthrobacter spp. observed during the study is a known phenomenon in the litera-
ture [57]. Little is known about the antagonistic interactions between Rhodococcus spp. and
Pseudomonas spp., also observed in this study. However, Rhodococcus spp. was previously
reported to inhibit bacterial and fungal growth [58,59]. Moreover, a high bioremediation po-
tential of Rhodococcus spp. indicated in the literature [60-62] outweighs its weak inhibitory
activity against Pseudomonas spp., allowing their inclusion in the consortium.

To avoid introducing an excessive number of phytotoxic bacteria to the soil, the
phytotoxicity assay was performed. Garden cress (Lepidium sativum) was chosen due to its
rapid germination and growth [63]. In the presented research, seven strains out of fourteen
affected the growth of neither shoots nor roots in L. sativum seeds in comparison to the
control samples. Despite some bacterial strains causing the significantly shorter length of
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the shoots or roots, the tested seedlings grew, and further plant development was possible
(Supplementary Materials, Figure S2). Our consortium was proven not to harm the used
plant model; however, special attention should be paid to the studies of the interactions
between microorganisms used in bioremediation, and plants, to maximize their potential
and avoid introducing phytopathogens into the soil [64].

Next to the basic culture methods, a real-time PCR was conducted to evaluate the
presence of genes associated with PAH degradation. The obtained results after the isolation
process confirmed the high potential of the investigated bacteria to degrade PAHs. In
this work, gene pahE was selected as a biomarker for PAH-degrading bacteria. PahE en-
codes hydratase-aldolase which converts analogs of trans-o-hydroxybenzylidenepyruvate
(tHBPA) to aldehydes and pyruvic acid [65]. To specifically amplify partial stretches of
the pahE gene sequence from different clads we used four primer sets (PahE1l, PahE2,
PahE3, and PahE4), as was proposed by Liang et al. [25]. The pahE1 gene was designed for
Betaproteobacteria and Gammaproteobacteria, pahE2 for Alfaproteobacteria, pahE3 for Rhodococ-
cus, and pahE4 for Mycobacteria. However, our results indicated that most of the strains
demonstrated not only genes specific for their clad but also others.

Soils contaminated with PAHs for a long time can be a good source of preselected
microorganisms with biotechnological potential. Bacteria living in stress conditions create
adaptational mechanisms that allow them to survive [66]. Since bacteria often use syn-
trophic relations, the advisable approach is to create a mixture of microorganisms with
varying degradation capabilities [67,68]. The enzymatic activity of the primary metabolism
for the consortium confirmed that the selected group expressed a broad range of enzymes
responsible for amylolytic, lipolytic, and proteolytic activities. Such enzymatic diversity
increases the chance of survival of the consortium members in the natural environment and
confirms that the autochthonic biota in the studied area expresses relatively high adaptabil-
ity to the changing environmental conditions. Broad enzymatic capabilities also may be
useful in the biodegradation of other contaminants, e.g., parabens or pesticides [69,70].

The only enzymatic activity that was not detected was o-fucosidase, responsible for
the hydrolysis of the x-fucoside to fucose and alcohol (Supplementary Materials, Table S3).
Fucose, a substrate for this enzyme, has relatively low abundance in the biosphere, which
may explain why none of the isolates expressed the a-fucosidase activity [71].

As presented in the previous paragraphs, we have successfully collected and mixed
a microbiological consortium with the potential to degrade PAHs and survive in a harsh,
contaminated environment. In the next stage of the project, this consortium was applied in
situ and the contamination was monitored.

The recorded contamination was significantly reduced during the studies. However,
it should be emphasized that obtained values were characterized with relatively high
deviation. Nevertheless, this comes with an agreement with studies focusing on PAH soil
pollution, where the wide range of PAH content in soils, together with their high variability,
was also noted [72-74]. The development of a consortium consisting of autochthonous
bacteria and its successful application in situ was not often described in the literature.
However, this objective was achieved in this study in laboratory conditions, much like
those reported by other authors [25], and in situ.

During the experiment, the hydrocarbon content of soil may have been influenced
by the special conditions of the study area. The increase in the average fluoranthene
content observed after 5 months of the experiment indicates that the variability was
multidirectional. The influence of terrain on the presence, distribution, and migration of
PAHs in soil was also confirmed by other authors [75,76]. Moreover, Li et al. [77] stated that
the concentration and pattern of soil PAHs are not only related to their input from polluted
sources but also associated to soil properties, which influence their loss processes, including
sorption and desorption, transportation, leaching, volatilization, as well as biological intake
and decomposition. Despite the possible co-occurrence of these factors, our bioremediation
study showed that the content of PAHs and phenol index was reduced, and the average
content of all hydrocarbons tested during the 13-month-long experiment decreased (with
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two exceptions (Table 4)). The recorded results suggest that the potential effect of our
microbiological consortium cannot be excluded. For example, the reduction in phenol
index by 92.09% may suggest the increased degradation of aromatic compounds, which
could be accounted for the biological activity [78]. Although the reduction of PAHs was
meaningful, the desirable ecological effect according to the Regulation of the Minister of the
Environment of 9 September 2002 on soil quality standards and ground quality standards
(Journal of Laws of the Republic of Poland 2002 No. 165, item 1359) (individual hydrocarbons
50 mg/kg; total PAH 250 mg/kg) was not reached (excluding phenol index at Spot 1;
phenol index, naphthalene, and fluoranthene at Spot 2; and phenol index, naphthalene,
chrysene, and total PAHs at Spot 3).

The successful use of a microbial consortium for PAH degradation was reported by
other researchers. Fulekar [25] tested a bacterial consortium against naphthalene and
anthracene, and their results showed a 98.4% reduction of naphthalene in 10 days and an
85.6% reduction of anthracene in 14 days. Both PAHs had an initial concentration equal
to 500 mg/L. However, these results were carried out in vitro in a highly controllable
environment. Moreover, research conducted by Jacques et al. [2] was conducted in soil
under controlled conditions. They tested a consortium against anthracene, phenanthrene,
and pyrene. After 90 days, the consortium mineralized 99% of added PAHs, in comparison
to the soil not inoculated with the consortium (autochthonous microorganisms mineralized
5%, 34%, and 2% of added PAHs, respectively).

It has to be emphasized that our approach also has certain limitations. The collabo-
ration with the industrial partner, and a restricted budget, limited the experimental plan,
including a finite number of analyzed samples and their properties, technical repetitions,
and additional controls. For that reason, the studies did not allow us to investigate by-
products that can arise in the bioremediation process. Such data would strengthen the
certainty of the obtained results. Nevertheless, the analyses were conducted in an accred-
ited laboratory (NLF), improving the reliability of our outcome and the possibility that the
selected consortium could have a positive impact on the bioremediation process. Addi-
tionally, another limitation could be a shortage of nutrients (e.g., nitrogen, phosphorus).
Breedveld and Sparrevik [79] pointed out that this limitation can be particularly significant
for 4-ring PAHs that require a specific amount of nutrients, as opposed to 2- or 3-ring PAHs
that are degraded more easily.

4. Materials and Methods
4.1. Soil Samples and Contamination Measurements

The area is characterized by a slight decline towards surface waters, from which it
is isolated by a concrete wharf. Groundwater in this area is shallow (about 1.7 m below
ground level), and its level is strongly related to the level of the nearby surface waters.
Changes in the groundwater level and the terrain are conducive to the horizontal and
vertical displacement of pollutants in the ground, which makes it problematic to determine
which factors, and with what force, influence the variable content of hydrocarbons in
the soil (hydrocarbon displacement in the study area or the hydrocarbon distribution
stimulated by microbial potential). The soil samples which were analyzed in this research
originated from the harbor area where embankment ground (industrial soil) was deposited
at the beginning of twentieth century to enable industrial activity. The thickness of the
embankment layer ranges from 1.8 to 2.8 m and the composition of it consists of slag with
humus admixtures and sand (loose, fine, and clayey sands), and brick debris. Organic silt
and peat are compressed under the embankment. The analyzed soil has been characterized
by chemical determinations: pH (pH-H,O) and pH in KCI (pH-KClI) according to PN-ISO
10390:1997 using glass electrode in a 1:5 (v/v) suspension of the soil in water (pH-H,O)
or in solution of potassium chloride 1 mol/L (pH-KCl); organic carbon and hummus
content in air-dry mass based on Tyurin’s method (hummus content was calculated by
multiplying carbon content by the Van Bemmelen’s factor (1.724)); P,Os content using
extraction in calcium lactate and UV-VIS spectroscopy; total nitrogen was measured based
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on Kjeldahl’s method. Any determination on soil samples referring to air-dry mass pertains
to a fine-earth fraction, where grain size is smaller than 2 mm. The obtained values are
as follows: pH 7.9 (in KCI) and 8.0 (in H,O), organic carbon content of 2.90% air- dry
mass and 5.00% of hummus air-dry mass, P,Os content of 12.3 mg/100 g of soil and total
nitrogen of 0.08%. The area is characterized by a slight slope towards surface waters, from
which it is insulated with a concrete quay. In this area, groundwater is shallow (approx.
1.7 m below ground) and its level is strongly related to the level of nearby surface waters.
Analyzed soil is contaminated with phenol and polycyclic aromatic hydrocarbons that
relate to roofing tar production in this area since 1920. The industrial activity was formally
completed in 1997. However, waste leftover after production has not been removed and is
a source of contamination. The concentration of PAHs and phenol started to be monitored
in 2015. At this time 13 of 14 points were contaminated (the average total PAHs of 14 points
was 762.9 mg/kg). During the next three years the concentrations of these substances
lowered to the acceptable level of 10 of 13 points (average of the self-cleansed points was
37.24 mg/kg). However, 3 points remained strongly contaminated (average of 3 most
contaminated points was 1288 mg/kg in 2015 and 2032 mg/kg in 2018). These points
were subjected to the biodegradation process described in paragraph 4.5. Moreover, the
concentrations of heavy metals in the soil were measured in 2015 and the results are shown
in the Supplementary Materials (Table S1).

The design of the study is presented in Figure 1. The soil sampling was carried out at
a depth of 0 to 2 m according to the standard PN-ISO 10381-5:2009 (soil quality—sampling)
from 14 measuring points divided into 3 layers (0.00-0.25 m, 0.25-1.00 m, and 1.00-2.00 m),
resulting in 42 soil samples.

16r RNA identification and

Soil sample collection evolutionary relationships of taxa
l Detection of the gene related to PAH
degradation

Bacteria isolation

In vitro PAH and phenol degradation

v Basic enzymatic activity

Heavy metal tolerance

Bacteria characterisation

Antagonistic properties

Phytotoxicity assay

Antibiotic susceptibility

l

Consortium formation and production

In situ PAH and phenol
degradation test

1 L

Figure 1. The design of the study.

The soil pollution assessment was carried out in accordance with the Regulation
of the Minister of the Environment of 9 September 2002 on soil quality standards and
ground quality standards (Journal of Laws of the Republic of Poland 2002 No. 165, item
1359). Analysis of the hydrocarbon concentration in the soil was carried out in accordance
with PN-ISO 13877:2004 (soil quality—determination of polycyclic aromatic hydrocarbons)
in the National Laboratory for Feedingstuffs (NLF) (accreditation certificate nr AB868
by Polish Centre for Accreditation). The contamination was assessed both before the
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application of the microbiological consortium in May 2019 and after in situ treatment with
isolated bacteria in October 2019 and in June 2020.

4.2. Bacteria Isolation and Characterization

Bacteria isolation was based on a procedure proposed by John et al. [11] with minor
modifications. The medium used for isolation was Mineral Medium (2.13 g NayHPOy,
1.3 g KHyPOy4, 0.5 g NH4Cl, and 0.2 g MgSO4 x 7H0), trace elements solution 1 mL
(FeSO4 x 7Hy0-0.1 g, MnCly x 7Hy0-0.1 g, ZnSO4 x 7H,0-0.1 g, and distilled water—
100 mL), and 15 g agar per 1 L. Two grams of each soil sample were collected and suspended
in a PBS buffer in ratio 1:9 (w/v), shook well for 10 min, and left to sediment, and the
supernatant was used for further tests. The concentrations of PAHs equal to 0.125%, 0.250%,
0.500%, and 1.000% w/v were prepared by dissolving naphthalene (N), phenanthrene (Ph),
anthracene (A), fluoranthene (F), chrysene (C), phenol (P), and a mix of all PAHs and
phenol (PAH + P) in proportions 3:2.5:1:2:1:2 (v/v)—related to the level of contamination
measured before the intervention) in acetone. Then, the mineral medium was prepared on
Petri dishes, and a layer (100 pL) of individual PAH solution, P, and PAH + P was spread
on top of the solid medium. After evaporation of the acetone, 100 pL of the supernatant
sample was plated on the agar surface and incubated for 7 days at room temperature.
Afterward, colonies expressing different morphologies were chosen for further selection
through the spot-tests that were carried out according to those by John et al. [11]. In the spot
assay, only 0.5% solution of individual PAH, P, and PAH + P was layered on the surface of
the solid mineral medium. Afterward, spots (3 uL) of each of the previously selected strain
suspensions (0.5 McFarland) were applied and incubated for 7 days at room temperature.
Following this, the ability of the strains to grow on the medium enriched with particular
PAH, P, and PAH + P was assessed by the scoring method. The growth on each medium
scored one point, and the strains with the highest score were further investigated. For this
purpose, a method proposed by Fulekar [50] was used with the following modifications to
eliminate the strains using agar as a carbon source. PAH + P was dissolved in acetone in
proportion 3:2.5:1:2:1:2 (v/v) to obtain the concentration of 0.5% w/v. A quantity of 200 uL
of the mixture was added to a sterile Erlenmeyer flask (100 mL) and was left until the solvent
evaporated. After that, 19 mL of Mineral Medium and 1 mL of the individual bacteria
culture in PBS buffer (0.5 McFarland standard, MF, and 1.2 x 10°-1.5 x 108 CFU/mL) were
added. The cultures were incubated for 4 days at room temperature and agitated at 250 rpm
in a Shaker-Incubator ES-20/60 (BioSan, Latvia). Samples were collected daily from each
of the flasks, ten-fold diluted in PBS buffer, and plated on Trypticase Soy Agar (Oxoid, UK).
In the final step, those strains with the ability to grow in tested conditions were chosen for
consortium development. Identification, taxonomic affiliation, evolutionary relationships,
and additional physiological characteristics, including basic enzymatic activity, tolerance
to heavy metals, antagonistic interactions with other isolates, phytotoxicity on Lepidium
sativum, and antimicrobial susceptibility, were tested to obtain auxiliary data allowing the
compatibility assessment of the created bacterial consortium. These data are shown in the
Supplementary Material.

4.3. Detection of PAH-Degradation-Related Gene

The potential of the strains to degrade PAHs was also controlled by the detection of
pahE (PAH hydratase-aldolase-encoding gene), as proposed Liang et al. [25]. The used
primer pairs included pahE1F (TGCGGCGGGTGTNAAYGGNAT) and pahE1R (CCT-
GAGGAATCTCGGACATYTSTGCCCARAA), pahE2F (AGCATGGGAACKYTKGGNGA)
and pahE2R (TTTGGCGGTVACVACYTG), pahE3F (GACGGCGTSGACGGVATCAT) and
pahE3R (TCAGGGTTGTCRTARAKSA), and pahE4F (TGGTGCGYGAYGGBGYCGA) and
pahE4R (GGCGTGCGGGTTSTSRTARAYCA). PCR was carried out in 25 pL reaction mix-
ture: 6.25 uL. RT PCR Mix SYBR®A, A&A Biotechnology, Poland; 0.2 uM of each primer
forward and reverse, 4.75 uL molecular DNase-free water, and 1.0 pL of bacterial genomic
DNA. The reaction was carried out with the following settings: initial denaturation at 94 °C
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for 5 min, followed by 35 cycles of 94 °C for 30 s, 52 to 57 °C (52 °C for pahE1, 57 °C for
pahE2, and 54 °C for pahE3 and pahE4) for 45 s, and 72 °C for 30 s, with a final extension
at 72 °C for 10 min in thermocycler CFX Connect Real-Time PCR Detection System, Life
Science, Bio-Rad®.

4.4. Hydrocarbons Degradation In Vitro Test

The degradation of PAHs and phenol was analyzed based on the method proposed by
Fulekar [66]. Each PAH or phenol was dissolved in acetone to obtain a concentration of 0.5%
(w/v). After that, the solutions were mixed in proportion 3:2.5:1:2:1:2 (v/v) corresponding
to the contamination ratio in the soil of origin. The final content of each substance equaled:
naphthalene—2.6 mg/L; phenanthrene—2.2 mg/L; anthracene—0.9 mg/L; fluoranthene—
1.7 mg/L; chrysene 0.9 mg/L; and phenol—1.7 mg/L. In the tested samples, 2 mL of the
PAH mixture was added to a sterile bottle (1000 mL) and left until the evaporation of
the solvent. After that, 950 mL of Mineral Medium and 50 mL of bacterial consortium
containing equal proportions of each bacterium (0.5 MF) were added. Control samples did
not include the consortium of microorganisms. One control and one tested sample were
collected for the analysis after 1 day and after 8 days of incubation at room temperature
and with continuous mixing at 250 rpm (Shaker-Incubator ES-20, BioSan, Latvia).

The degradation rate was evaluated using the spectrophotometric method according
to PN-ISO 6439:1994 (for phenol index) and high-performance liquid chromatography
(HPLC) according to PN-EN ISO 17993:2005 (water quality—determination of 15 polycyclic
aromatic hydrocarbons (PAHs) in water by HPLC with fluorescence detection after liquid-
liquid extraction). The analyses were carried out by NLE.

4.5. Consortium Development and Application to Soil

The usefulness of the consortium of microorganisms was evaluated in field conditions.
Selected bacteria were separately cultivated until the stationary phase (7.0 MF) was reached.
To confirm the viability and number of each bacteria, the standard plate count assay was
performed. The titer of bacteria varied from 1 x 10’-1 x 10° CFU/mL for MF = 7. A wide
range of titres was due to the different morphologies of the used bacterial cells. The
viability of microorganisms was confirmed by a standard plate count assay. In the next
step, single-species cultures were mixed in equal proportions, which resulted in 80 L of
co-culture. Afterward, the consortium was immediately transported to the test field and
diluted on-site in water to obtain 0.5 MF (1.2 x 10°~1.5 x 108 CFU/mL). The final volume of
the consortium equaled 1000 L. The suspension was equally spread in the 3 most polluted
spots on the contaminated area (2 m? each) on the surface of the soil and into deeper
layers by boreholes. Before the application, the soil was richly watered to improve soil
sorption capacity. Other agricultural procedures or soil enrichment were not conducted.
The procedure was repeated in one-week intervals during the first three weeks of the
experiment. The reasoning behind such planning was to include possible weather changes
in the area and the available volume of the containers for our consortium. Furthermore,
weekly repetition of the inoculations in the soil was conducted to achieve the growth
and survival of the bacteria in the contaminated soil [80]. After five (October 2019) and
thirteen months (June 2020), the concentration of PAHs in those three spots was measured
by NLE. The soil sampling was carried out at a depth of 0 to 2 m according to the standard
PN-ISO 10381-5:2009. Each of the 3 points was divided into three layers (0.00-0.25 m,
0.25-1.00 m, and 1.00-2.00 m). The mean values from the three spots obtained before and
after intervention were compared.

5. Conclusions

This research can be regarded as a case study for the collaboration between science
and an industrial partner. Autochthonic microorganisms isolated from contaminated soil
have been tested in a series of experiments which have shown the potential to remove
PAHs, in particular, as a developed consortium. The methods elucidating the physiological
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properties of the isolates have confirmed the utility of the consortium for the intended
application. The used approach could be implemented by other groups working on
bioremediation techniques aiming at elevating the numbers of potent autochthonic bacteria
in cleanup processes. The gathered experimental data suggest that the application of
autochthons has had a positive impact on the bioremediation process. However, it has
to be emphasized that despite the application of the microbiological consortium, the
concentration on most selected PAHs was still above the ministerial threshold (50 mg/kg)
after 13 months and at the end of the project. Nevertheless, our approach was enough to
achieve the acceptable level of degradation of naphthalene, whereas the concentration of
other PAHs was reduced in respect to the state before the consortium was applied.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222413469/5s1.

Author Contributions: M.R.: conceptualization, data curation, investigation, methodology, valida-
tion, visualization, roles/writing—original draft, writing—review and editing; J.J.: conceptualiza-
tion, data curation, investigation, methodology, validation, visualization, roles/writing—original
draft, writing—review and editing; X.S.: data curation, investigation, methodology, visualiza-
tion, roles/writing—original draft, writing—review and editing, K.D.: data curation, investigation,
methodology, visualization, roles/writing—original draft, writing—review and editing; ] K. (Justyna
Kajdanowicz): data curation, investigation, methodology, visualization, roles/writing—original
draft, writing—review and editing; M.G.: data curation, investigation, methodology, visualization,
roles /writing—original draft, writing—review and editing; A.K.-K.: funding acquisition, investi-
gation, methodology, project administration, resources, supervision, roles/writing—original draft,
writing—review and editing; B.O.: roles/writing—original draft, writing—review and editing; A.A.:
conceptualization, data curation, formal analysis, funding acquisition, methodology, project adminis-
tration, resources, software, supervision, roles/writing—original draft, writing—review and editing;
J.K. (Jolanta Karakulska): conceptualization, funding acquisition, investigation, methodology, project
administration, resources, supervision, roles/writing—original draft, writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Baltchem S.A. (Szczecin, Poland). Adrian Augustyniak was
supported by the German Research Foundation (DFG) as part of the Research Training Group on
Urban Water Interfaces (GRK 2032). The graphical abstract was created with Biorender.com (accessed
on 14 December 2021).

Data Availability Statement: 16S rRNA sequences were stored in GenBank database under the
following accession numbers: MT755842-MT755855 (forward) and MT755859-MT755872 (reverse).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Tang, L.; Tang, X.-Y,; Zhu, Y.-G.; Zheng, M.-H.; Miao, Q.-L. Contamination of polycyclic aromatic hydrocarbons (PAHs) in urban
soils in Beijing, China. Environ. Int. 2005, 31, 822-828. [CrossRef]

2. Jacques, RJ.S.; Okeke, B.C.; Bento, EM.; Teixeira, A.S.; Peralba, M.C.R.; Camargo, F.A.O. Microbial consortium bioaugmentation
of a polycyclic aromatic hydrocarbons contaminated soil. Bioresour. Technol. 2008, 99, 2637-2643. [CrossRef]

3. Kuppusamy, S.; Thavamani, P.; Venkateswarlu, K.; Lee, Y.B.; Naidu, R.; Megharaj, M. Remediation approaches for polycyclic
aromatic hydrocarbons (PAHs) contaminated soils: Technological constraints, emerging trends and future directions. Chemosphere
2017, 168, 944-968. [CrossRef]

4. Canet, R, Birnstingl, ].G.; Malcolm, D.G.; Lopez-Real, ] M.; Beck, A.J. Biodegradation of polycyclic aromatic hydrocarbons (PAHs)
by native microflora and combinations of white-rot fungi in a coal-tar contaminated soil. Bioresour. Technol. 2001, 76, 113-117.
[CrossRef]

5. Smith, M.]J.; Flowers, T.H.; Duncan, H.J.; Alder, J. Effects of polycyclic aromatic hydrocarbons on germination and subsequent
growth of grasses and legumes in freshly contaminated soil and soil with aged PAHs residues. Environ. Pollut. 2006, 141, 519-525.
[CrossRef]

6. Li, X;Qu, C,; Bian, Y;; Gu, C; Jiang, X.; Song, Y. New insights into the responses of soil microorganisms to polycyclic aromatic

hydrocarbon stress by combining enzyme activity and sequencing analysis with metabolomics. Environ. Pollut. 2019, 255, 113312.
[CrossRef]


https://www.mdpi.com/article/10.3390/ijms222413469/s1
https://www.mdpi.com/article/10.3390/ijms222413469/s1
Biorender.com
http://doi.org/10.1016/j.envint.2005.05.031
http://doi.org/10.1016/j.biortech.2007.04.047
http://doi.org/10.1016/j.chemosphere.2016.10.115
http://doi.org/10.1016/S0960-8524(00)00093-6
http://doi.org/10.1016/j.envpol.2005.08.061
http://doi.org/10.1016/j.envpol.2019.113312

Int. J. Mol. Sci. 2021, 22, 13469 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Thavamani, P.; Malik, S.; Beer, M.; Megharaj, M.; Naidu, R. Microbial activity and diversity in long-term mixed contaminated
soils with respect to polyaromatic hydrocarbons and heavy metals. J. Environ. Manag. 2012, 99, 10-17. [CrossRef]
Samsge-Petersen, L.; Larsen, E.H.; Larsen, P.B.; Bruun, P. Uptake of Trace Elements and PAHs by Fruit and Vegetables from
Contaminated Soils. Environ. Sci. Technol. 2002, 36, 3057-3063. [CrossRef] [PubMed]

Gan, S.; Lau, E.V,; Ng, HK. Remediation of soils contaminated with polycyclic aromatic hydrocarbons (PAHs). |. Hazard. Mater.
2009, 172, 532-549. [CrossRef]

Fernandez-Luquefio, F; Valenzuela-Encinas, C.; Marsch, R.; Martinez-Suarez, C.; Vazquez-Nufiez, E.; Dendooven, L. Microbial
communities to mitigate contamination of PAHs in soil—Possibilities and challenges: A review. Environ. Sci. Pollut. Res. 2011, 18,
12-30. [CrossRef]

Wong, ] W.C,; Lai, KM.; Wan, C.K.; Ma, K.K,; Fang, M. Isolation and Optimization of PAH-Degradative Bacteria from Contami-
nated Soil for PAHs Bioremediation. Water Air Soil Pollut. 2002, 139, 1-13. [CrossRef]

Hamdji, H.; Benzarti, S.; Manusadzianas, L.; Aoyama, L; Jedidi, N. Bioaugmentation and biostimulation effects on PAH dissipation
and soil ecotoxicity under controlled conditions. Soil Biol. Biochem. 2007, 39, 1926-1935. [CrossRef]

Maduerio, L.; Coppotelli, BM.; Alvarez, HM.; Morelli, LS. Isolation and characterization of indigenous soil bacteria for
bioaugmentation of PAH contaminated soil of semiarid Patagonia, Argentina. Int. Biodeterior. Biodegrad. 2011, 65, 345-351.
[CrossRef]

Trzesicka-Mlynarz, D.; Ward, O.P. Degradation of polycyclic aromatic hydrocarbons (PAHs) by a mixed culture and its component
pure cultures, obtained from PAH-contaminated soil. Can. . Microbiol. 1995, 41, 470—-476. [CrossRef]

Molina, M.C.; Gonzalez, N.; Bautista, L.F,; Sanz, R.; Simarro, R.; Sanchez, I.; Sanz, ].L. Isolation and genetic identification of PAH
degrading bacteria from a microbial consortium. Biodegradation 2009, 20, 789-800. [CrossRef]

Haritash, A K.; Kaushik, C.P. Biodegradation aspects of Polycyclic Aromatic Hydrocarbons (PAHs): A review. J. Hazard. Mater.
2009, 169, 1-15. [CrossRef]

Lu, X.-Y.; Zhang, T.; Fang, H.H.-P. Bacteria-mediated PAH degradation in soil and sediment. Appl. Microbiol. Biotechnol. 2011, 89,
1357-1371. [CrossRef]

Lin, Y.; Cai, L.X. PAH-degrading microbial consortium and its pyrene-degrading plasmids from mangrove sediment samples in
Huian, China. Mar. Pollut. Bull. 2008, 57, 703-706. [CrossRef]

Isaac, P.; Martinez, F.L.; Bourguignon, N.; Sdnchez, L.A.; Ferrero, M.A. Improved PAHs removal performance by a defined
bacterial consortium of indigenous Pseudomonas and actinobacteria from Patagonia, Argentina. Int. Biodeterior. Biodegrad. 2015,
101, 23-31. [CrossRef]

Zafra, G.; Absalén, A.E.; Cuevas, M.D.C.; Cortés-Espinosa, D.V. Isolation and Selection of a Highly Tolerant Microbial Consortium
with Potential for PAH Biodegradation from Heavy Crude Oil-Contaminated Soils. Water Air Soil Pollut. 2014, 225, 1-18.
[CrossRef]

Laothamteep, N.; Kawano, H.; Vejarano, F; Suzuki-Minakuchi, C.; Shintani, M.; Nojiri, H.; Pinyakong, O. Effects of environmental
factors and coexisting substrates on PAH degradation and transcriptomic responses of the defined bacterial consortium OPK.
Environ. Pollut. 2021, 277,116769. [CrossRef]

Kumari, S.; Regar, R.K.; Manickam, N. Improved polycyclic aromatic hydrocarbon degradation in a crude oil by individual and a
consortium of bacteria. Bioresour. Technol. 2018, 254, 174-179. [CrossRef] [PubMed]

Moscoso, F.; Teijiz, I.; Deive, EJ.; Sanroman, M. A. Efficient PAHs biodegradation by a bacterial consortium at flask and bioreactor
scale. Bioresour. Technol. 2012, 119, 270-276. [CrossRef] [PubMed]

Vila, J.; Tauler, M.; Grifoll, M. Bacterial PAH degradation in marine and terrestrial habitats. Curr. Opin. Biotechnol. 2015, 33,
95-102. [CrossRef]

Liang, C.; Huang, Y.; Wang, H. pahE, a Functional Marker Gene for Polycyclic Aromatic Hydrocarbon-Degrading Bacteria. Appl.
Environ. Microbiol. 2019, 85, 1-17. [CrossRef]

John, R.C.; Essien, J.P.; Akpan, S.B.; Okpokwasili, G.C. Polycyclic aromatic hydrocarbon-degrading bacteria from aviation fuel
spill site at Ibeno, Nigeria. Bull. Environ. Contam. Toxicol. 2012, 88, 1014-1019. [CrossRef]

Khalid, A.H.; Jin, H.]. Heavy metal resistance of bacteria and its impact on the production of antioxidant enzymes. African |.
Microbiol. Res. 2013, 7, 2288-2296. [CrossRef]

Balachandran, C.; Duraipandiyan, V.; Balakrishna, K.; Ignacimuthu, S. Bioresource Technology Petroleum and polycyclic aromatic
hydrocarbons (PAHs) degradation and naphthalene metabolism in Streptomyces sp. (ERI-CPDA-1) isolated from oil contaminated
soil. Bioresour. Technol. 2012, 112, 83-90. [CrossRef] [PubMed]

Deeb, B.E.; Altalhi, A.D. Degradative Plasmid and Heavy Metal Resistance Plasmid Naturally Coexist in Phenol and Cyanide
Assimilating Bacteria. Am. J. Biochem. Biotechnol. 2009, 5, 84-93. [CrossRef]

Song, ].; Guo, Z.; Xiao, X.; Miao, X.; Wang, F. Environmental availability and profile characteristics of arsenic, cadmium, lead and
zinc in metal-contaminated vegetable soils. Trans. Nonferrous Met. Soc. China 2009, 19, 765-772. [CrossRef]

Li, X.; Liu, L.; Wang, Y.; Luo, G.; Chen, X,; Yang, X.; Hall, M.H.P,; Guo, R.; Wang, H.; Cui, J.; et al. Heavy metal contamination of
urban soil in an old industrial city (Shenyang) in Northeast China. Geoderma 2013, 192, 50-58. [CrossRef]

Pages, D.; Rose, J.; Conrod, S.; Cuine, S.; Carrier, P.; Heulin, T.; Achouak, W. Heavy metal tolerance in Stenotrophomonas
maltophilia. PLoS ONE 2008, 3, €1539. [CrossRef]


http://doi.org/10.1016/j.jenvman.2011.12.030
http://doi.org/10.1021/es015691t
http://www.ncbi.nlm.nih.gov/pubmed/12141482
http://doi.org/10.1016/j.jhazmat.2009.07.118
http://doi.org/10.1007/s11356-010-0371-6
http://doi.org/10.1023/A:1015883924901
http://doi.org/10.1016/j.soilbio.2007.02.008
http://doi.org/10.1016/j.ibiod.2010.12.008
http://doi.org/10.1139/m95-063
http://doi.org/10.1007/s10532-009-9267-x
http://doi.org/10.1016/j.jhazmat.2009.03.137
http://doi.org/10.1007/s00253-010-3072-7
http://doi.org/10.1016/j.marpolbul.2008.03.025
http://doi.org/10.1016/j.ibiod.2015.03.014
http://doi.org/10.1007/s11270-013-1826-4
http://doi.org/10.1016/j.envpol.2021.116769
http://doi.org/10.1016/j.biortech.2018.01.075
http://www.ncbi.nlm.nih.gov/pubmed/29413920
http://doi.org/10.1016/j.biortech.2012.05.095
http://www.ncbi.nlm.nih.gov/pubmed/22738812
http://doi.org/10.1016/j.copbio.2015.01.006
http://doi.org/10.1128/AEM.02399-18
http://doi.org/10.1007/s00128-012-0598-7
http://doi.org/10.5897/AJMR12.1764
http://doi.org/10.1016/j.biortech.2012.02.059
http://www.ncbi.nlm.nih.gov/pubmed/22425516
http://doi.org/10.3844/ajbbsp.2009.84.93
http://doi.org/10.1016/S1003-6326(08)60347-7
http://doi.org/10.1016/j.geoderma.2012.08.011
http://doi.org/10.1371/journal.pone.0001539

Int. J. Mol. Sci. 2021, 22, 13469 14 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.

58.
59.

Bhojiya, A.A.; Joshi, H. Heavy Metal Tolerance Pattern of Pseudomonas putida Isolated from Heavy Metal Contaminated Soil of
Zawar, Udaipur (India). Int. |. Innov. Knowl. Concepts 2015, 1, 17-21.

Tomova, I.; Stoilova-Disheva, M.; Lazarkevich, I.; Vasileva-Tonkova, E. Antimicrobial activity and resistance to heavy metals and
antibiotics of heterotrophic bacteria isolated from sediment and soil samples collected from two Antarctic islands. Front. Life Sci.
2015, 8, 348-357. [CrossRef]

Khan, Z.; Rehman, A.; Hussain, S.Z.; Nisar, M.A.; Zulfiqar, S.; Shakoori, A.R. Cadmium resistance and uptake by bacterium,
Salmonella enterica 43C, isolated from industrial effluent. AMB Express 2016, 6, 54. [CrossRef]

Hassen, A.; Saidi, N.; Cherif, M.; Boudabous, A. Resistance of environmental bacteria to heavy metals. Bioresour. Technol. 1998, 64,
7-15. [CrossRef]

Yong, X.; Chen, Y.; Liu, W.; Xu, L.; Zhou, J.; Wang, S.; Chen, P,; Ouyang, P.; Zheng, T. Enhanced cadmium resistance and
accumulation in Pseudomonas putida KT2440 expressing the phytochelatin synthase gene of Schizosaccharomyces pombe. Lett.
Appl. Microbiol. 2014, 58, 255-261. [CrossRef]

Haroun, A.; KK, K,; Alhaji, I.; Magaji, Y.; Oaikhena, E. Evaluation of Heavy Metal Tolerance Level (MIC) and Bioremediation
Potentials of Pseudomonas aeruginosa Isolated from Makera-Kakuri Industrial Drain in Kaduna, Nigeria. Eur. J. Exp. Biol. 2017,
7,3-6. [CrossRef]

Mosbah, R.; Sahmoune, M.N. Biosorption of heavy metals by Streptomyces species—An overview. Cent. Eur. ]. Chem. 2013, 11,
1412-1422. [CrossRef]

Hamedi, J.; Dehhaghi, M.; Mohammdipanah, F. Isolation of extremely heavy metal resistant strains of rare actinomycetes from
high metal content soils in Iran. Int. J. Environ. Res. 2015, 9, 475-480.

Baltazar, M.D.P.G.; Gracioso, L.H.; Avanzi, I.R.; Karolski, B.; Tendrio, J.A.S.; Do Nascimento, C.A.O.; Perpetuo, E.A. Copper
biosorption by Rhodococcus erythropolis isolated from the Sossego Mine—PA—Brazil. |. Mater. Res. Technol. 2019, 8, 475-483.
[CrossRef]

Learman, D.R.; Ahmad, Z.; Brookshier, A.; Henson, M.W.; Hewitt, V.; Lis, A.; Morrison, C.; Robinson, A.; Todaro, E.; Wologo,
E.; et al. Comparative genomics of 16 Microbacterium spp. that tolerate multiple heavy metals and antibiotics. Peer] 2019, 6, €6258.
[CrossRef]

Augustyniak, A.; Cendrowski, K.; Nawrotek, P; Barylak, M.; Mijowska, E. Investigating the Interaction Between Streptomyces sp.
and Titania/Silica Nanospheres. Water Air Soil Pollut. 2016, 227, 230. [CrossRef]

Grygorcewicz, B.; Wojciuk, B.; Roszak, M.; Lubowska, N.; Blazejczak, P.; Jursa-Kulesza, J.; Rakoczy, R.; Masiuk, H.; Dotegowska,
B. Environmental Phage-Based Cocktail and Antibiotic Combination Effects on Acinetobacter baumannii Biofilm in a Human
Urine Model. Microb. Drug Resist. 2020, 27, 25-35. [CrossRef]

Berg, J.; Tom-Petersen, A.; Nybroe, O. Copper amendment of agricultural soil selects for bacterial antibiotic resistance in the field.
Lett. Appl. Microbiol. 2005, 40, 146-151. [CrossRef] [PubMed]

Forsberg, K.J.; Reyes, A.; Wang, B.; Selleck, E.M.; Sommer, M.O.A; Dantas, G. The shared antibiotic resistome of soil bacteria and
human pathogens. Science 2012, 337, 1107-1111. [CrossRef]

Walsh, E; Duffy, B. The Culturable Soil Antibiotic Resistome: A Community of Multi-Drug Resistant Bacteria. PLoS ONE 2013, 8,
€65567. [CrossRef]

Mathé, I.; Benedek, T.; Tancsics, A.; Palatinszky, M.; Lanyi, S.; Marialigeti, K. Diversity, activity, antibiotic and heavy metal
resistance of bacteria from petroleum hydrocarbon contaminated soils located in Harghita County (Romania). Int. Biodeterior.
Biodegradation 2012, 73, 41-49. [CrossRef]

Wang, J.; Wang, ].; Zhao, Z.; Chen, J.; Lu, H.; Liu, G.; Zhou, ]J.; Guan, X. PAHs accelerate the propagation of antibiotic resistance
genes in coastal water microbial community. Environ. Pollut. 2017, 231, 1145-1152. [CrossRef] [PubMed]

Chen, B.; He, R;; Yuan, K.; Chen, E.; Lin, L.; Chen, X,; Sha, S.; Zhong, ].; Lin, L.; Yang, L.; et al. Polycyclic aromatic hydrocarbons
(PAHs) enriching antibiotic resistance genes (ARGs) in the soils. Environ. Pollut. 2017, 220, 1005-1013. [CrossRef]

Augustyniak, A.; Grygorcewicz, B.; Nawrotek, P. Isolation of multidrug resistant coliforms and their bacteriophages from swine
slurry. Turkish J. Vet. Anim. Sci. 2018, 42, 319-325. [CrossRef]

Maurya, A.P; Rajkumari, J.; Pandey, P. Enrichment of antibiotic resistance genes (ARGs) in polyaromatic hydrocarbon—
contaminated soils: A major challenge for environmental health. Environ. Sci. Pollut. Res. 2021, 28, 12178-12189. [CrossRef]
Palleroni, N.J. Pseudomonas. Bergey’s Man. Syst. Archaea Bact. 2015, 1.

Marion-Sanchez, K; Pailla, K.; Olive, C.; Le Coutour, X.; Derancourt, C. Achromobacter spp. healthcare associated infections in the
French West Indies: A longitudinal study from 2006 to 2016. BMC Infect. Dis. 2019, 19, 795. [CrossRef]

Kéampfer, P. Streptomyces. Bergey’s Man. Syst. Archaea Bact. 2015, 1-414.

Zafra, G.; Absalén, A.E.; Anducho-Reyes, M.A.; Fernandez, FJ.; Cortés-Espinosa, D.V. Construction of PAH-degrading mixed
microbial consortia by induced selection in soil. Chemosphere 2017, 172, 120-126. [CrossRef]

Polianskaia, L.M.; Kozhevin, P.A.; Zviagintsev, D.G. Dynamics of populations of microbial antagonists in nonsterile soil.
Mikrobiologiia 1983, 52, 145-148.

Kerr, J.R. Bacterial inhibition of fungal growth and pathogenicity. Microb. Ecol. Health Dis. 1999, 11, 129-142. [CrossRef]
Sivasakthi, S.; Usharani, G.; Saranraj, P. Biocontrol potentiality of plant growth promoting bacteria (PGPR)—Pseudomonas
fluorescens and Bacillus subtilis: A review. Afr. |. Agric. Res. 2014, 9, 1265-1277.


http://doi.org/10.1080/21553769.2015.1044130
http://doi.org/10.1186/s13568-016-0225-9
http://doi.org/10.1016/S0960-8524(97)00161-2
http://doi.org/10.1111/lam.12185
http://doi.org/10.21767/2248-9215.100028
http://doi.org/10.2478/s11532-013-0268-6
http://doi.org/10.1016/j.jmrt.2018.04.006
http://doi.org/10.7717/peerj.6258
http://doi.org/10.1007/s11270-016-2922-z
http://doi.org/10.1089/mdr.2020.0083
http://doi.org/10.1111/j.1472-765X.2004.01650.x
http://www.ncbi.nlm.nih.gov/pubmed/15644115
http://doi.org/10.1126/science.1220761
http://doi.org/10.1371/journal.pone.0065567
http://doi.org/10.1016/j.ibiod.2012.05.018
http://doi.org/10.1016/j.envpol.2017.07.067
http://www.ncbi.nlm.nih.gov/pubmed/28886881
http://doi.org/10.1016/j.envpol.2016.11.047
http://doi.org/10.3906/vet-1710-102
http://doi.org/10.1007/s11356-020-12171-3
http://doi.org/10.1186/s12879-019-4431-3
http://doi.org/10.1016/j.chemosphere.2016.12.038
http://doi.org/10.1080/089106099435709

Int. J. Mol. Sci. 2021, 22, 13469 15 of 15

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Song, X.; Xu, Y.; Li, G.; Zhang, Y.; Huang, T.; Hu, Z. Isolation, characterization of Rhodococcus sp. P14 capable of degrading
high-molecular-weight polycyclic aromatic hydrocarbons and aliphatic hydrocarbons. Mar. Pollut. Bull. 2011, 62, 2122-2128.
[CrossRef]

Leneva, N.A.; Kolomytseva, M.P.; Baskunov, B.P.; Golovleva, L.A. Phenanthrene and anthracene degradation by microorganisms
of the genus Rhodococcus. Appl. Biochem. Microbiol. 2009, 45, 169-175. [CrossRef]

Martinkova, L.; Uhnakov4, B.; Patek, M.; Nesvera, J.; Kfen, V. Biodegradation potential of the genus Rhodococcus. Environ. Int.
2009, 35, 162-177. [CrossRef]

Favier, L.; Rusu, L.; Simion, A.L; Hlihor, R.M.; Pacala, M.L.; Augustyniak, A. Efficient degradation of clofibric acid by heteroge-
neous photocatalytic oxidation process. Environ. Eng. Manag. J. 2019, 18, 1683-1692. [CrossRef]

Mikeskova, H.; Novotny, C.; Svobodovi, K. Interspecific interactions in mixed microbial cultures in a biodegradation perspective.
Appl. Microbiol. Biotechnol. 2012, 95, 861-870. [CrossRef]

Eaton, R.W. Trans-O-Hydroxybenzylidenepyruvate Hydratase-Aldolase As a Biocatalyst. Appl. Environ. Microbiol. 2000, 66,
2668-2672. [CrossRef]

Fulekar, M. Microbial degradation of petrochemical waste-polycyclic aromatic hydrocarbons. Bioresour. Bioprocess. 2017, 4.
[CrossRef]

Suja, F.; Rahim, F,; Taha, M.R.; Hambali, N.; Rizal Razali, M.; Khalid, A.; Hamzah, A. Effects of local microbial bioaugmentation
and biostimulation on the bioremediation of total petroleum hydrocarbons (TPH) in crude oil contaminated soil based on
laboratory and field observations. Int. Biodeterior. Biodegrad. 2014, 90, 115-122. [CrossRef]

Vaidya, S.; Devpura, N.; Jain, K.; Madamwar, D. Degradation of chrysene by enriched bacterial consortium. Front. Microbiol. 2018,
9, 1-14. [CrossRef] [PubMed]

Judrez-Jiménez, B.; Pesciaroli, C.; Maza-Mdérquez, P.; Lépez-Martinez, S.; Vilchez-Quero, ].L.; Zafra-Gomez, A. Biodegradation of
methyl and butylparaben by bacterial strains isolated from amended and non-amended agricultural soil. Identification, behavior
and enzyme activities of microorganisms. J. Environ. Manag. 2019, 245, 245-254. [CrossRef]

Bricefio, G.; Lamilla, C.; Leiva, B.; Levio, M.; Donoso-Pifiol, P.; Schalchli, H.; Gallardo, F.; Diez, M.C. Pesticide-tolerant bacteria
isolated from a biopurification system to remove commonly used pesticides to protect water resources. PLoS ONE 2020, 15,
€0234865. [CrossRef]

You, J.; Lin, S.; Jiang, T. Origins and Evolution of the a-L-Fucosidases: From Bacteria to Metazoans. Front. Microbiol. 2019, 10,
1756. [CrossRef] [PubMed]

Saltiene, Z.; Brukstiene, D.; Ruzgyte, A. Contamination of Soil by Polycyclic Aromatic Hydrocarbons in Some Urban Areas.
Polycycl. Aromat. Compd. 2002, 22, 23-35. [CrossRef]

Motelay-Massei, A.; Ollivon, D.; Garban, B.; Teil, M.].; Blanchard, M.; Chevreuil, M. Distribution and spatial trends of PAHs and
PCBs in soils in the Seine River basin, France. Chemosphere 2004, 55, 555-565. [CrossRef]

Maliszewska-Kordybach, B.; Smreczak, B.; Klimkowicz-Pawlas, A. Concentrations, sources, and spatial distribution of individual
polycyclic aromatic hydrocarbons (PAHs) in agricultural soils in the Eastern part of the EU: Poland as a case study. Sci. Total
Environ. 2009, 407, 3746-3753. [CrossRef]

Zhang, J.; Yang, J.; Wang, R.; Hou, H.; Du, X,; Fan, S.; Liu, J.; Dai, ]. Effects of pollution sources and soil properties on distribution
of polycyclic aromatic hydrocarbons and risk assessment. Sci. Total Environ. 2013, 463464, 1-10. [CrossRef] [PubMed]

Peng, C.; Wang, M.; Chen, W. Spatial Analysis of PAHs in Soils along an Urban-Suburban—Rural Gradient: Scale effect,
distribution patterns, diffusion and influencing factors. Sci. Rep. 2016, 6, 37185. [CrossRef]

Li, Y.T,; Li, EB.; Chen, ].].; Yang, G.Y.; Wan, H.F,; Zhang, T.B.; Zeng, X.D.; Liu, ] M. The concentrations, distribution and sources of
PAHs in agricultural soils and vegetables from Shunde, Guangdong, China. Environ. Monit. Assess. 2008, 139, 61-76. [CrossRef]
Sivasubramanian, S.; Namasivayam, S.K.R. Phenol degradation studies using microbial consortium isolated from environmental
sources. J. Environ. Chem. Eng. 2015, 3, 243-252. [CrossRef]

Breedveld, G.D.; Sparrevik, M. Nutrient-limited biodegradation of PAH in various soil strata at a creosote contaminated site.
Biodegradation 2000, 11, 391-399. [CrossRef]

Correa-Garcia, S.; Pande, P; Séguin, A.; St-Arnaud, M.; Yergeau, E. Rhizoremediation of petroleum hydrocarbons: A model
system for plant microbiome manipulation. Microb. Biotechnol. 2018, 11, 819-832. [CrossRef] [PubMed]


http://doi.org/10.1016/j.marpolbul.2011.07.013
http://doi.org/10.1134/S0003683809020094
http://doi.org/10.1016/j.envint.2008.07.018
http://doi.org/10.30638/eemj.2019.158
http://doi.org/10.1007/s00253-012-4234-6
http://doi.org/10.1128/AEM.66.6.2668-2672.2000
http://doi.org/10.1186/s40643-017-0158-4
http://doi.org/10.1016/j.ibiod.2014.03.006
http://doi.org/10.3389/fmicb.2018.01333
http://www.ncbi.nlm.nih.gov/pubmed/30013520
http://doi.org/10.1016/j.jenvman.2019.05.122
http://doi.org/10.1371/journal.pone.0234865
http://doi.org/10.3389/fmicb.2019.01756
http://www.ncbi.nlm.nih.gov/pubmed/31507539
http://doi.org/10.1080/10406630210371
http://doi.org/10.1016/j.chemosphere.2003.11.054
http://doi.org/10.1016/j.scitotenv.2009.01.010
http://doi.org/10.1016/j.scitotenv.2013.05.066
http://www.ncbi.nlm.nih.gov/pubmed/23787103
http://doi.org/10.1038/srep37185
http://doi.org/10.1007/s10661-007-9816-x
http://doi.org/10.1016/j.jece.2014.12.014
http://doi.org/10.1023/A:1011695023196
http://doi.org/10.1111/1751-7915.13303
http://www.ncbi.nlm.nih.gov/pubmed/30066464

	Introduction 
	Results 
	Bacteria Isolation and Identification 
	Detection of PAH-Degradation-Related Gene 
	Effectiveness of In Vitro Hydrocarbon Degradation 
	In Situ Application of Microbiological Consortium 

	Discussion 
	Materials and Methods 
	Soil Samples and Contamination Measurements 
	Bacteria Isolation and Characterization 
	Detection of PAH-Degradation-Related Gene 
	Hydrocarbons Degradation In Vitro Test 
	Consortium Development and Application to Soil 

	Conclusions 
	References

