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Abstract

:

Creosote oil, widely used as a wood preservative, is a complex mixture of different polycyclic aromatic compounds. The soil contamination result in the presence of a specific microcosm. The presented study focuses on the most active strains involved in bioremediation of long-term creosote-contaminated soil. In three soil samples from different boreholes, two Sphingomonas maltophilia (S. maltophilia) and one Paenibacillus ulginis (P. ulginis) strain were isolated. The conducted experiments showed the differences and similarities between the bacteria strains capable of degrading creosote from the same contaminated area. Both S. maltophilia strains exhibit higher biodegradation efficiency (over 50% after 28 days) and greater increase in glutathione S-transferase activity than P. ulginis ODW 5.9. However, S. maltophilia ODW 3.7 and P. ulginis ODW 5.9 were different from the third of the tested strains. The growth of the former two on creosote resulted in an increase in cell adhesion to Congo red and in the total membrane permeability. Nevertheless, all three strains have shown a decrease in the permeability of the inner cell membrane. That suggests the complex relationship between the cell surface modifications and bioavailability of the creosote to microorganisms. The conducted research allowed us to broaden the current knowledge about the creosote bioremediation and the properties of microorganisms involved in the process.
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1. Introduction


Creosote is a complex mixture of carbonaceous substances obtained from the distillation of tar. The two main types of creosote are wood-tar creosote and coal-tar creosote. The latter has been widely used for over 150 years as a wood preservative and water-proofing agent, in railroad and utilities industries, construction (roofing), bridge and pier decking, fencing or equipment for children’ playgrounds [1,2,3]. Creosote oil is characterized by a yellowish to dark brown/black color and a characteristic strong odor. It is slightly soluble in water and well soluble in organic solvents. The chemical compositions of the coal-tar creosotes are usually inconsistent and depend on the origin of the coal used and the nature of the distilling process. Despite the fact that average creosote oil contains several hundreds of chemicals, only less than 20% are present in the amounts greater than 1% [4]. However, the dominant classes of the compounds found in creosote oil may be distinguished as follows:




	
Aromatic hydrocarbons, including polycyclic aromatic hydrocarbons (PAHs), alkylated PAHs (up to 90%) and benzene-toluene-ethylbenzene-xylene (BTEX) pollutants group,



	
Phenolic compounds, such as cresols, phenols and xylenols,



	
Heterocycles containing nitrogen, sulfur or oxygen (e.g., pyridines, quinolones, benzotiophenes, dibenzofurans and their derivatives),



	
Aromatic amines, such as aniline, aminonaphtalens or diphenylamines [1,4,5].








Due to the wide applications of creosote oil, the substances contained in it can easily enter all environmental compartments. Among them, sediments, soil and groundwater are believed to be the most contaminated. However, the transport and distribution of creosote within the environment depend on the physicochemical properties of its constituents [6,7,8]. In light of these facts, the chemicals in creosote can be transferred into animals and plants tissues posing a serious threat for humans [9,10,11,12] and implementation of new, environmentally friendly strategies of its removal is extremely important.



When the effectiveness of the biodegradation of hydrophobic impurities is considered, the role of bioavailability in this process is increasingly pointed out [13]. The low solubility of PAHs in water as well as their high sorption to soil particles affect the bioaccumulation of these compounds in the environment. Moreover, the bacterial cells that show increased affinity to aromatic hydrocarbons can easier use these compounds as a source of carbon and energy [14,15]. The surface properties of cells are determined by the hydrophobicity of their outer layers. Van der Waals interactions and electrostatic forces largely depend on the chemical nature of the functional groups of compounds that build the outside of the cell wall [16]. On the one hand, the cell wall modification may lead to an increase of cell hydrophobicity and, in consequence, enhances the bioavailability of hydrophobic compounds. On the other hand the cells can modify their surface properties to decrease their affinity to pollutant, which allows us to minimize the contaminant’s toxic impact on cells [13]. However, it should be emphasized that the hydrophobicity of cell surfaces is not the only key factor in the efficiency of biodegradation processes. It has been reported that the transport across the membrane of a biodegradable compound also determines the rate of its assimilation [17,18]. However, increased cell membrane permeability means not only increased carbon source transport, but also increased cell exposure to toxic xenobiotics. This negative impact may eventually lead to the death of biomass [19]. Nevertheless, the changes in cell membrane permeability are the way that cells can use to regulate the interaction with pollutants. The compromise between a more efficient transport and lower exposure to toxic contaminant is one of the key factors regulating the biodegradation efficiency. Ultimately, bioavailability is the result of many mechanisms and only a simultaneous measurement of several parameters describing them can provide a broader view of its role.



Hence, the aim of the study was to determine the role of surface modification of environmental strains cells in their biodegradation by creosote. For this purpose, environmental strains were isolated from soil samples contaminated with PAHs, and the biodegradation efficiency was established and bound with the measured parameters describing the cell surface properties. Finally, the results obtained became the basis for verification of the research hypothesis that bioavailability is a factor of significant importance in biodegradation of the hydrocarbons present in creosote oil.




2. Materials and Methods


2.1. Chemicals


All chemicals used in the research were of analytical grade. The mineral medium for microorganisms cultivation as well as other aqueous solutions were prepared using ultra-pure MilliQ water (18.2 MΩ cm). The creosote (type B) was purchased from Centrala Obrotu Towarami Masowymi DAW-BYTOM Sp. z o.o. (Bytom, Poland).




2.2. Bacteria Strains Isolation


Samples of soil were collected from the area of a railway sleeper treatment plant in Koźmin Wielkopolski (Central Poland; 51°50’09.1"N, 17°26’20.1"E) in order to isolate bacterial strains. This area has been subjected to permanent contamination with creosote oil for more than 40 years. The samples were collected in triplicates from three different boreholes (from a depth of 0.5–4.0 m) with the use of a mechanical drill.



The most active strains that displayed the ability to degrade creosote hydrocarbons were isolated in accordance with the following procedure. Approximately 10 g of each soil sample was suspended in a sterile culture medium [20] and 2 mL of a 20% sodium succinate solution was added to each suspension. The systems were incubated at 22 °C for 24 h, then 10 mL of the suspension was introduced into 90 mL of a fresh sterile culture medium, which was supplemented with 1.5 mL of the 20% sodium succinate solution as well as 50 μL of creosote. This step was repeated every 7 days, however the subsequent cultures included only 50 μL of creosote as the sole carbon source. After 28 days, approximately 0.1 mL of the final culture was used to inoculate agar plates (bioMerieux, Warsaw, Poland). The plates were incubated (24 h, 22 °C) and then used to isolate colonies of individual bacterial strains. The isolates were subjected to identification based on their 16S rRNA gene sequence 8F 5′AGTTTGATCATCGCTCAG 3′ and 1492R 5′GGTTACCTTGTTACGACTT3′. Furthermore, Vitek 2 Compact (bioMerieux, Warsaw, Poland) kits were used to determine the biochemical profiles of the isolates [21]. Finally, a hemolysis test was carried out for each isolated strain in accordance with the procedure described by Hassanshahian [22].




2.3. Creosote Biodegradation Test


The following procedure was employed in order to determine the biodegradation efficiency of selected bacterial isolates. Liquid cultures were prepared 100-mL glass bottles, which contained 20 mL of the culture medium and 1 mL of a 20% sodium succinate solution. The bottles were inoculated with a full loop of cells collected from an agar plate used to store the corresponding bacterial strain. After incubation (24 h, 22 °C) the biomass was separated by centrifugation (4500× g, 5 min), rinsed and re-suspended in the mineral medium. Afterwards, 18 mL of the medium that contained the cells was introduced into sterile 100-mL glass bottles, then 2 mL of the described cell suspension (OD600 = 1.0) from the inoculum was added, followed by 50 μL of creosote. After incubation for 28 days (22 °C in the dark) the residual hydrocarbons were extracted using 8 mL of hexane and subjected to a quantitative analysis using a Pegasus 4D GCxGC-TOFMS (LECO, St. Joseph, MI, USA) equipped with a BPX-5 column (28 m, 250 μm, 0.25 μm). Helium was used as a carrier gas (1 mL min−1) and the following temperature program was employed: 40 °C for the first 2 min and increased to 300 °C at 15 °C min−1 (the final temperature was kept for 15 min). The quantity of the residual hydrocarbons was established using a calibration curve and the final content was corrected based on the values determined for control and abiotic samples.




2.4. Cell Wall Properties


The changes of cell wall properties were evaluated using bacterial cells collected from 7-day cultures, which were prepared in accordance with the procedure used for creosote biodegradation tests. The cells were rinsed twice and then re-suspended in sterile mineral medium in order to obtain an OD600 value equal to 1.0. Two different series of cultures were prepared for all studied strains: the first included creosote, while the second included 20% sodium succinate solution.



The hydrophobic–hydrophilic properties of the cells were analyzed based on the adsorption of Congo red dye on the surface of microbial cells (CR assay), as previously described by Ambalam et al. [23]. Additionally, inner membrane permeability was analyzed based on the o-nitrophenyl-β-D-galactoside assay (ONPG), which is based on the measurement of the concentration of β-galactosidase, which is released into the solution after hydrolysis of ONPG [24]. The total membrane permeability was analyzed based on crystal violet uptake (CV assay) by microbial cells using colorimetric measurements [25].




2.5. Glutathione S-Transferase Activity


In order to investigate the impact of creosote on microbial activity of glutathione S-transferases (GST), the bacterial cultures of Stenotrophomonas maltophilia ODW 2.4.2, Stenotrophomonas maltophilia ODW 3.7 and Paenibacillus ulginis ODW 5.9 were established in the same manner as those prepared for cell wall properties measurements. The 7-day, washed bacterial cells were lysed using the CelLytic™ B Plus Kit purchased from Sigma-Aldrich, according to the manufacturer’s protocol. The bacterial lysates were used to measure total GST using a Glutathione S-Transferase Assay Kit (Sigma Aldrich, MO, USA), which utilizes 1-Chloro-2,4-dinitrobenzene (CDNB). Upon conjugation of the thiol group of glutathione to the CDNB substrate, there was an increase in the absorbance at 340 nm, which was measured using a Multiskan Sky Microplate Spectrophotometer (Thermo Fisher Scientific, Agawam, MA, USA). Later on, the content of proteins was established using a Pierce™ BCA Protein Assay (Thermo Fisher Scientific, Agawam, MA, USA). The activity of GST was calculated and expressed as the activity of an enzyme per milligram of total protein (Sigma-Aldrich, St. Louis, MO, USA).




2.6. Statistical Analysis


The results presented in the study were calculated as an average value from at least three independent experiments. One-way analysis of variance (ANOVA) with Tukey’s range test applied as a post-hoc analysis was applied in order to determine the statistical significance of differences between the average values. The differences were considered as statistically significant at p < 0.05. The statistical analysis was carried out using Statistica v13 (StatSoft, Cracow, Poland).





3. Results and discussion


3.1. Bacterial strains


As a result of selective cultures, one of the most active bacterial strains, which showed the ability to degrade creosote oil as the only source of carbon and energy, was isolated from each soil sample. Table 1 contains the strains names and the most important information characterizing them.



In the soil samples taken from the creosote-contaminated area, the most active bacterial strains capable of degrading PAHs represented two species of microorganisms. In soil samples O10 and O6 Gram-negative Stenotrophomonas maltophilia strains were found, and Gram-positive Paenibacillus ulginis in sample O8, respectively. What is more, the S. maltophilia strains were characterized by alpha hemolysis. In contrast, the P. ulginis cell showed beta hemolysis. Several previous studies have shown that the most common PAH-degrading strains are those belonging to the genera Pseudomonas, Sphingomonas and Sphingobium, slightly less often Rhodococcus, Ochrobactrum or Acinetobacter [26]. However, bacteria of the genus Paenibacillus were also observed among them, which is confirmed by studies carried out by Daane et al. [27]. Furthermore, Mesbaiah et al. [28], by studying PAH-degrading strains, isolated strain of the genus Paenibacillus, as well, and found its ability to produce extracellular biosurfactant. This corresponds to the observations made for the strain Paenibacillus ulginis ODW 5.9, which show a beta hemolysis characteristic of microorganisms producing surfactant compounds [29]. The literature also contains reports on the ability of strains belonging to the species Stenotrophomonas maltophilia to degrade pyrene [30] and anthracene, phenanthrene, naphthalene or fluorene [31].




3.2. Creosote Biodegradation


Long-term contact of microorganisms with highly toxic PAHs present in the soil affects the biodiversity of bacteria found there. Three microbial consortia were isolated from the contaminated soil and then in selective cultures, the bacteria with high biodegradability potential in relation to hydrocarbons present in creosote oil were isolated. The highest creosote oil biodegradation was observed for microorganisms isolated from sample O6 (51% ± 9%). This microbial consortia effectively biodegraded dibenzofuran (81%), and anthracene and acenaphtene in approximately 70%. The most active strain isolated from this sample was S. maltophilia ODW 2.4.2, for which a similar level of creosote oil biodegradation (50% ± 4%) after seven days of the process was obtained (Figure 1). Moreover, high biodegradation of naphthalene (95%), fluorene (82%) and acenaphthene (74%) was noticed (Figure 1). What is more, from sample O6 also a strain belonging to the species S. maltophilia ODW 3.7 was isolated, for which a similar level of creosote oil biodegradation was observed (51%). However, this strain was characterized by different biodegradable activity in relation to different creosote oil components. Unlike sample O10, microbial community of O8 sample removed only 35% of creosote. The most active strain was identified as P. ulginis ODW 5.9. Nevertheless, the biodegradation efficiency of creosote and creosote components by this strain was the lowest from among the tested bacteria strains. The effectiveness of biodegradation depends on the chemical structure of creosote components, their concentration, as well as on the age of the contaminant [2]. Low molecular weight PAHs (consisting of two and three rings) are faster removed than the compounds of high molecular weight [32,33,34]. Naphthalene, a two-ringed PAH, is degraded relatively easily [35]. It has been observed that with increasing size of a PAH molecule, the hydrophobicity and electrochemical stability increase [36] and slow down the rates of biodegradation. This high hydrophobicity of the compounds present in creosote and related low water solubility influence their low bioavailability for microorganisms and therefore biodegradation efficiency [37]. Different species of bacteria show great biodegradation potential of polycyclic aromatic hydrocarbons [38]. Muangchinda et al. [39] have demonstrated high potential of Actinobacteria in PAH degradation in river sediments. Subashchandrabose et al. [40] have observed high biodegradation of phenanthrene by Rhodococcus wratislaviensis strain 9. This strain degraded also pyrene and benzo[a]pyrene. Our results indicated high biodegradation potential of Stenotrophomonas maltophilia, which could be used in the degradation of even aged PAHs.




3.3. Enzymatic Activity in the Presence of Creosote


The glutathione S-transferase (GST) activity was tested in three bacterial strains. Each strain was cultivated for seven days with the addition of creosote oil (marked as CREO) and without the addition of this component (control samples, marked as CTRL). Each culture was established in three biological repetitions and three technical repetitions of each culture were subjected to analysis. The final results presented in the graph (Figure 2) stand for the average values of these measurements. Regarding control samples of all strains tested, the highest activity of GST was measured in the strain S. maltophilia ODW 3.7 and the lowest value was noted for P. ulginis ODW 5.9. Similar directions of changes were observed for bacterial cells exposed to creosote oil. What can be clearly seen in the figure was a significant increase in GST activity in bacterial cells of the strains S. maltophilia ODW 2.4.2 and S. maltophilia ODW 3.7 exposed to creosote in comparison to control samples. In the cell extract of P. ulginis ODW 5.9 bacterial strain, the activity of GST measured in CREO sample was slightly higher (when compared to P. ulginis ODW 5.9 CTRL), however, the modifications were not statistically significant. In general, GST is an enzyme involved, among others, in detoxification of a wide range of xenobiotics. It works via nucleophilic conjugation of glutathione with electrophilic substrates. Although, the latter is described as a major detoxification mechanism in mammals [41,42], the activity of GST in bacterial strains was postulated as well. GST is believed to play an important role in biological degradation of xenobiotic compounds by bacteria, what was described by Allocati et al. (2009) [43] and Zablotowicz et al. (1995) [44]. The results of our research confirm the results of these researchers since the higher activity was measured in samples containing toxic, hazardous compounds for bacteria and the cells (especially those of S. maltophilia ODW 2.4.2 and S. maltophilia ODW 3.7 strains) might have initiated the reaction of biological degradation through GST enzymes.




3.4. Cell Wall Properties


The next stage of the research has been devoted to the analysis of cell adaptation processes to degradation of hydrophobic hydrocarbons, which consisted of modification of cell wall properties. Such adaptations are a very important parameter, which determines the bioavailability of compounds with low water solubility such as PAH to a high extent [13]. Table 2 includes the results of measurements of Congo red absorption on the cell surface as well as membrane permeability analyzes. Congo red adsorption studies indicate that all strains were characterized by slight dye adhesion. In addition, the ambiguous response of cells to contact with creosote oil should be emphasized. Strain S. maltophilia ODW 2.4.2 in the culture with an easily digestible sodium succinate exhibited an adsorption of 7%, whereas in the case of creosote culture this value was lower than 2%. The S. maltophilia ODW 3.7 strain, which belongs to the same species, behaved differently. In this case, a slight increase in dye adsorption was observed after comparing the cells from the culture with creosote and succinate. An analogous but much more pronounced increase (from 3.4% to 13.6%) was observed for P. ulginis ODW 5.9 cells. This is coherent with the previous studies, such as these reported by Ghosh and Mukherji [45] or Obuekwe [46], which established that the biodegradation of PAHs is associated with the increase of cell hydrophobicity. Moreover, Bezza and Chirwa [47] associated the increase of the hydrophobicity of cells during the biodegradation of pyrene with the interaction of biosurfactant produced by the bacteria.



The differences between the two tested strains of S. maltophilia were also evident during the analysis of total membrane permeability measured by the degree of penetration of crystal violet. S. maltophilia ODW 2.4.2 exhibited a clear decrease (from 3.7% to 24%) of membrane permeability of cells cultured using creosote, while S. maltophilia ODW 3.7 cells increased their membrane permeability after the comparison of samples from creosote-supplemented cultures with those from cultures with sodium succinate. Additionally, in the case of strain P. ulginis ODW 5.9, the presence of aromatic hydrocarbons resulted in an increased membrane permeability. The influence of the contact of the tested strains with creosote on the permeability of the inner cell membrane was relatively unambiguous and analogous. In all cases, the rate of o-nitrophenol formation resulting from the reaction catalyzed with intracellular galactosidase decreased in cultures with a mixture of PAHs. In the case of P. ulginis ODW 5.9, there was a significant ten-fold decrease of the measured parameter (from 1.24 to 0.13 µM min−1). However, it should be emphasized that the measured value could be affected by both the permeability of the internal membrane and the amount of enzyme produced by the cell. Jiang et al. [48] underlined that the xenobiotic can be a factor that enhances the biodegradation by altering the permeability of bacterial cell membrane. Additionally, the study of Kuyukina et al. [49] suggests that organic solvents primarily affect bacterial membranes. This results in the loss of membrane integrity, but the cells may remain viable. However, the decrease in membrane permeability may be a cellular defense response to the presence of a toxic compound [50]. These two mentioned mechanisms can affect the measured membrane permeability to a different degree, which explains the observed differences in the membrane permeability of the strains studied in the framework of this study. Moreover, it can be assumed that the very low inner membrane permeability and relatively higher Congo red adsorption ratio is associated with lower bioavailability of creosote to bacterial cells, which may explain the low biodegradation of the mixture of these PAHs by P. ulginis ODW 5.9 in comparison with S. maltophilia strains.





4. Conclusions


The conducted experiments showed the differences and similarities between strains capable of degrading creosote from the same contaminated area. The S. maltophilia strains exhibited higher biodegradation efficiency and the more significant increase in glutathione S-transferase than P. ulginis. It can suggest the higher adaptation potential of the strains from this genus than the P. ulginis strain. High level of the S-transferase activity indicates activation of the metabolic pathways involved in biotransformation of the creosote hydrocarbons. Moreover, it can be presumed that the P. ulginis strain uses other enzymes to degrade the pollutant. However, studies of cell surface properties show differences between S. maltophilia strains. S. maltophilia ODW 3.7 and P. ulginis ODW 5.9 distinguished from the third of the tested strains in that the growth on creosote resulted in an increase in both cases in cell adhesion to Congo red, as well as the total membrane permeability. However, all three strains shown decreased in inner membrane permeability. To summarize, the obtained results brought new valuable information on the variety of characteristics and properties of microorganisms involved in the bioremediation processes of creosote oil in contaminated soil.
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Figure 1. Removal of selected PAH present in creosote by selected strains after 28 days. 
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Figure 2. Activity of GST enzymes tested in three bacterial strains in control cultures (Ctrl) and the cultures with the addition of creosote oil (Creo). 
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Table 1. Bacteria strains isolated from the creosote-contaminated soil samples.
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	Soil Sample
	Strain
	GenBank (NCBI) Number
	Hemolysis Test





	O10
	Stenotrophomonas maltophilia ODW 2.4.2
	MK503432.1
	alpha



	O6
	Stenotrophomonas maltophilia ODW 3.7
	MK503436.1
	alpha



	O8
	Paenibacillus ulginis ODW 5.9
	MK503429.1
	beta
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Table 2. Bacteria cell wall properties described by the Congo red adsorption assay (CR), the inner and total membrane permeability tests (ONPG and CV, respectively).
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Strain

	
Carbon Source

	
CR

(%)

	
ONPG

(μM min−1)

	
CV

(%)






	
Stenotrophomonas maltophilia ODW 2.4.2

	
succinate

	
7.0 ± 0.8

	
0.28 ± 0.01

	
37 ± 3




	
creosote

	
1.8 ± 0.6

	
0.15 ± 0.01

	
24 ± 2




	
Stenotrophomonas maltophilia ODW 3.7

	
succinate

	
4.2 ± 0.1

	
0.51 ± 0.06

	
40 ± 3




	
creosote

	
5.1 ± 0.5

	
0.44 ± 0.09

	
59 ± 4




	
Paenibacillus ulginis ODW 5.9

	
succinate

	
3.4 ± 0.8

	
1.24 ± 0.21

	
16 ± 2




	
creosote

	
13.6 ± 0.9

	
0.13 ± 0.06

	
36 ± 3
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