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Abstract

:

The pollution of aquatic ecosystems is a big problem that has its impact on river sediments. In recent decades, an effective solution to this problem has been the application of bioremediation technologies. Nanoremediation is an innovative part of these technologies. We still know little about the efficiency of nanoparticles, especially nanodiamonds, in modelled conditions. The aim of the present study is to investigate the effect of nanodiamonds on the key parameters of modelled bioremediation of river sediments that are polluted with phenol, as well their effect on the structures and functions of microbial communities. An important indicative mechanism that was used is the application of fluorescent in situ hybridization for sediment microbial communities. The results of this study revealed the positive role of nanodiamonds that is associated with their intoxication with high concentrations of phenol. Readaptation was also found, in which the xenobiotic biodegradation potential evolved by increasing the relative proportions of non-culturable bacteria, namely Acinetobacter (at the 144th hour) and Pseudomonas (at the 214th hour). The results can help to find an effective solution to the question of how information from such precise molecular methods and the application of nanodiamonds can be translated into the accessible language of management and bioremediation technologies.
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1. Introduction


Sediments play an important role in the assessment of the condition of water systems [1,2,3,4,5]. Sediments consist of particles of different sizes that can be transported by a fluid stream and that precipitate as a layer of solid particles over the bed or the bottom of water basins [6]. The upper layers of the sediments in lake and river ecosystems have a higher content of organic compounds, which is a precondition for the presence of a large number of microorganisms. This is mostly due to the higher concentrations of carbohydrates, proteins, and amino acids that are in the interstitial water [7,8,9]. The microorganisms have a main role in the performance of the bio-transforming processes of organic compounds and nutrients. This also defines the key significance of the microbial communities for the realization of the self-purifying potential of water ecosystems. Therefore, an understanding of the functional structure of the microbial community would contribute to the better understanding of this potential. The study of the groups of microorganisms that are present, through separation that is based on a specific physiological process, would contribute to the study of the details of the bio-transformation processes [10,11].



An example in which the self-purification biotransformation processes that occur in river sediments can be studied in detail is the case of the cascade “Middle Iskar”, which includes five small hydro power plants (SHPPs) on the middle stream of the Iskar River in the region of the villages Rebrovo and Gabrovnitsa in Bulgaria. The river in this region is strongly anthropogenically impacted, mostly by the villages that are near it and by different productions that do not have built or well-functioning treatment plants. As a result, into the waters and the sediments of the river fall a large quantity of trivial and xenobiotic pollutants. Of the different xenobiotics polluting the river, the most critical ones are the heavy metals which have been accumulating for decades in the sediments of the river [12]. The SHPPs play the role of a filter, holding the river sediments and the domestic, industrial and naturally originated pollutants that have entered into them. These pollutants hinder the self-purification processes. The SHPP which was first built in the cascade was SHPP Lakatnik, which has functioned since 2008. In its storage are found the largest accumulations of river sediments, as well as an accumulation of large quantities of hardly degradable pollutants within the sediments [13].



An example of a typical pollutant that accumulates in these sediments is phenol—a toxic compound that is found in the water media exceptionally often due to pollution from different industrial processes from petrol refineries, the chemical industry, the production of dyes, wood conservation, paper production, etc. [14,15]. Phenol is a comparatively easily degradable xenobiotic for the microbial degraders. A higher concentration could inhibit the growth of the microorganisms and microbial communities. On the other hand, phenol is toxic to water organisms and to people [16] as it provokes carcinogenicity and neurotoxicity [17]. As a consequence of this, it is reasonable to propose that the living organisms that are in the river water and river sediments in the cascade could be at risk. Therefore, the elimination of phenol is vitally important for the good ecological status of the river. All this makes phenol a very convenient model xenobiotic for the study and management of the bioremediation processes in sediments.



In the last few decades, together with the improvement of biotechnologies, bioremediation has transformed into one of the fastest-developing fields in environment protection. Bioremediation is an application of biological processes for the purification of underground waters, soils, sediments, and sludges that are polluted with dangerous chemicals [18]. This approach is a more effective alternative to the physicochemical methods that have higher expenses and produce other toxic final products [17]. This technology, when applied in situ, causes the least disruption to the environment and, compared to other technologies, is relatively cheap. It can use autochthonous microflora, selected and/or adapted microbial cultures or microbial communities [18]. The application of the bioremediation process requires an entire study of the essence and the range of the pollution, the characteristics of the place, the legal restrictions, and the long-term management of the specific project as well as the juxtapositions between the value and the benefits of the specific technology [18,19]. The main aims of the prevention of the pollution of sediments are a decrease in the regional pollutions within the water basins and an increase in the essential self-purifying processes and bioremediation technologies for the recovery of the sediments’ quality.



One of the main challenges in the use of the bioremediation technologies is the identification of adequate microorganisms with a high enough level of metabolic activity that would be able to effectively eliminate the pollutants [14]. The bioremediation of phenol compounds could be performed by many microorganisms from different genera such as Pseudomonas, Vibrio, Serratia, Bacillus, Achromobacter, and Acinetobacter [15,20]. The identification of the microorganisms could be performed with standard culture methods [21,22]. However, by means of these methods, just a small subset of the microorganisms—not more than 3%—can be characterized. More complete information about the quantity, the biodiversity, the localization, and the distribution of the microorganisms in the communities allow molecular methods such as denaturing gradient gel electrophoresis (DGGE), polymorphism with a limited length of the fragment (T-RFLP), and fluorescence in situ (FISH) [23,24,25,26,27,28].



One of the most often applied molecular methods is fluorescence in situ hybridization analysis (FISH). The application of this method allows the analysis of the distribution of the target microorganisms in situ in the biological system [29,30,31]. FISH combines the precision of molecular genetics with the visual information of microscopic analysis, this combination allows the identification of key microbial cells in their essential microhabitat as well as the study of the population dynamics and interspecies interactions of the separate cell levels [32,33,34,35,36]. The FISH method gives an opportunity for a study of the physiological marks of selected microbial populations and responds to the question, “who does what in this microbial community?”. However, to the present date, studies of the microbial communities in the sediments of freshwater basins with FISH are not numerous [37,38,39,40]. Although FISH analysis is more often applied to underground waters [41,42,43], it has been proven that more than 90% of the microbial biomass within water can be found attached to precipitated particles [44,45] and that this biomass manifest a much higher level of activity than the plankton microbial community [46,47,48,49]. Therefore, detailed studies of sediments from water bodies are ecologically more convenient than studies of samples from underground and surface water [50].



The intensive development of nanotechnologies accelerates the studies and applications of nanodiamonds (ND) due to their mechanical, chemical and optic properties [51]. All of these characteristics contribute to the more effective application of ND in different biomedical and ecological applications and other biotechnologies, in comparison to other carbon nanoparticles. The application of nanodiamonds has expanded dramatically in recent years. This is the result of increasingly successful laboratory results and patents. The commercial production of nanodiamonds makes their application in industrial technologies more realistic. This could also lead to the production of widely manufactured products containing nanodiamonds. From an economic point of view, the increased production of ND leads to a decrease in their price and, therefore, their scope of application increases [52]. An example of such a new production, which is significantly more economically profitable, is described by Dolmatov et al. [53]. In previous experiments with nanodiamonds with hydrophobic groups, their positive effect on the biodegradation of phenol at concentrations of 250 mg/L has already been proven. Because of the hydrophobic properties of ND, they form consortia together with bacterial cells [54]. These properties are the base for the capability of ND to actively to adsorb viruses and microorganisms. An example is the attachment of the bio-compatible ND to enzymes or different medications that have a proven effectiveness against pathogenic bacteria [55] and cancer cells [56]. Regarding environment protection, ND could be used in different aspects. A main application of ND, which is examined in detail in the present paper, is their use for environment remediation [57]. The aim of the study is to investigate the effect of nanodiamonds on the key parameters of the model bioremediation of river sediments that are polluted with phenol, as well as their effect on the structure and functions of microbial communities. Kinetic and microbiological parameters, as well as fluorescent in situ hybridization analysis, were key to the process.




2. Materials and Methods


2.1. Experimental Design


The design of this analogous modeling included the making of 2 bioremediation sites simulating the processes in the sediments of the dams of the Middle Iskar cascade. Each bioremediation site had a volume of 1 dm3, contained 500 g of sediments from Lakatnik dam and 500 g of filler in the form of quartz sand, with a particle size of 0.8–1.6 mm. The duration of functioning was 214 h in a semi-continuous mode of action. The experiment aimed to follow the processes that were occurring in two variant conditions: (1) the control variant (Ph), containing sediments, quartz sand, and a model xenobiotic phenol and (2) the model variant (PhND), in which nanodiamonds were added to the sediments with quartz sand and phenol (ND) as nanomodulators (Figure 1).



The sediments were collected from MHPP Lakatnik, the oldest storage in the Middle Iskar cascade. In this part of the river, large quantities of pollutants have accumulated in the sediments. In the course of the model bioremediation, the biodetoxifying and adaptive processes of the microbial community in the variant with phenol (Ph) and in the variant with the phenol and nanodiamonds (PhND) were investigated. During the process, the increase in the concentration of phenol occurred according to a specialized algorithm: 2nd hour—250 mg/kg; 49th hour—500 mg/kg; and 72nd hour—500 mg/kg [30]. The following processes and situations were simulated:




	
Pollution with a comparatively low concentration of phenol: from the 2nd–48th hours;



	
Simulation of a critical situation with the entering of a high concentration of phenol: at the 49th and 72nd hours;



	
Study of the system after a long adaptation and entering into the phase of system recovery after the explosive phenol loading: from the 144th–214th hours.








The parameters of these processed were measured at critical control points—CCP0, CCP2, CCP48, CCP144, and CCP214.



This selection of phenol as the model xenobiotic was made due to the fact that it is easily biodegradable, has a high level of solubility in water, has a high level of toxicity and is found in large quantities in essential water ecosystems, sediments, and industrial wastewaters [15,58].




2.2. Analytical Methods and Indicators


The residual phenol was measured by the use of the spectrophotometric method with 4-aminoantipyrine after distillation. After the preliminary distillation, the samples were analyzed according to the specifications that are described in the BDS and EPA methods [59,60]. The absorption was measured spectrophotometrically at Spectrophotometer—Pharmacia Biotech Ultrospec 3000. All of the chemical reagents that were used in the measurement of the residual phenol were supplied by Merck, Inc, Kenilworth, NJ, USA.



The following formulas for the calculation of biodegradation indicators were used.



Effectiveness of phenol biodegradation (Eff):


  E f f =   C  t 1  − C  t 2    C  t 1    ⋅ 100   [ % ] ,  








where Ct1 is the phenol concentration at time t1 and Ct2 is the phenol concentration at the next time, t2.



Rate of phenol biodegradation (RB):


  R B =   C  t 1  − C  t 2     t 2  −  t 1      mg / gxh ,  











Specific rate of phenol biodegradation (SRB):


  S R B =   C  t 1  − C  t 2      (  t 2  −  t 1  )  ⋅  B m     mg / gxh ,  








where Bm is the biomass in g/L dry weight.



Rate of biomass accumulation (RAB):


  R A B =   D W  t 2  − D W  t 1     t 2  −  t 1      mg / lxh ,  








where DWt1 is the dry weight at time t1 and DWt2 is the dry weight at the next time, t2.




2.3. Microbiological Analysis


The quantitative determination of the microorganisms was conducted through culture methods by using solid nutrient media according to the rules of routine microbiological practice [61]. The sediment samples were taken from both of the variants (Ph and PhND) at the 0th hour—CCP0, 48th hour—CCP48, and 214th hour—CCP214. The sediment samples were firstly treated with an ultrasound disintegrator UD-20 automatic (Techpan), in three repetitions for 10 s for the desorption of the bacterial cells from the surface layer of the sediment particles (1 g sediment + 9 mL mineral solution of NaCl (0.9%)). The conditions of the cultivation are presented in Table 1. All of the results are the average values of the three independent repetitions, represented as CFU/g dry weigh. The microbiological indicators that were investigated in this process were physiological and taxonomic groups of bacteria like aerobic heterotrophic bacteria (AeH), bacteria from genus Pseudomonas (Ps), and bacteria from the genus Acinetobacter (Ac) (Table 1). The amount of the phenol-degrading bacteria (Ph-degr.) were determined on the solid medium according to Furukawa [62], with phenol (200 mg/L) as the sole carbon and energy source (Table 1).




2.4. FISH Analysis


Samples were taken from both of the variants (Ph and PhND) of the experiment at the points CCP0 and CCP2 as well as at the points CCP48, CCP144, and CCP214 of the process. The samples were fixed with an 8% paraformaldehyde. This conducted a dehydration and a permeabilization process, according to Nielsen (2009) [31]. The fluorescent signal for the genera Pseudomonas was received with the 5′-labelled oligonucleotide probe 5′-GCT GGC CTA GCC TTC-3′ with the red dye Cy3 [63,64,65,66]. The fluorescent signal for the genera Acinetobacter was received with the 5′-labelled oligonucleotide probe (ACA652) 5’-ATC CTC TCC CAT ACT CTA-3’ with the yellow dye Fluos, 5’-labeled. For a control, a non-sense probe coHдa NON338 (5′-ACT CCT ACG GGA GGC AGC-3′) was used. The hybridization was performed with 20% formamide for the genus Pseudomonas and 35% formamide for the genus Acinetobacter. The samples were dyed with DAPI for the visualization of all of the microorganisms in the biofilm. The images were made with an epifluorescent microscope (Leica Micro Systems DFC 310 FX) with a magnification of 400×.




2.5. Application of Nanodiamonds


The ND were added in a concentration of 1.667 mg/g at the start of the process. The nanodiamonds that were applied in the present model bioremediation of river sediments were provided by Professor Stavry Stavrev from the International Center for Nanomaterials, Nanotechnologies and Nanomedicine in the town of Smolyan, Bulgaria [67]. A method of the detonation synthesis of ND was applied in order to create the obtained ND. The detonation of the explosive charge was performed in an aqueous medium in the presence of active reductants [68]. The nanodiamonds that were used in the present experiment were characterized by transmission electron microscopy (TEM) and X-ray measurements, as described in the study by Prokharov et al. [69]. The data from both of these methods has proven the characteristics of the nanodiamonds. In addition to these two methods, Raman spectroscopy was performed [69]. The Raman spectrum contained the line for nanodiamonds at 1332 cm−1, D-line of graphite at 1350 cm−1, and G-line of graphite at 1580 cm−1. The lines D and G were relatively narrow and had the same intensity, indicating the presence of carbon nanoclusters smaller than 5 nm [69]. In our experiments ND with hydrophobic properties without a specially treated surface have been used [70].





3. Results and Discussion


3.1. Residual Concentration of Phenol


In this section, the dynamics of the residual concentration of phenol, the kinetic parameters of the phenol elimination and the effect of the nanodiamonds on them will be discussed. The ecological situations of an explosive, risky pollution incident with phenol in high concentrations were simulated.



In Figure 2, the phenol dynamics at residual concentrations in the different hours of the detoxifying process are represented. Phenol was added on the 2nd hour at a concentration of 250 mg/kg. Between the 2nd and the 49th hours, a small decrease in the phenol concentration in both of the working variants was registered. The residual concentration was around 200 mg/kg in both of the systems. At the 49th hour, phenol was added into the systems at a two-times higher concentration—500 mg/kg and thus the phenol concentrations reached the values of 527.63 mg/kg for variant Ph and 504.99 mg/kg for variant PhND. At the 72nd hour, the third and last addition of phenol with a concentration of 500 mg/kg was performed. The phenol then reached the concentration of 738.87 mg/kg for variant Ph and 682.28 mg/kg for PhND; after which, at the 75th hour, there was a new discharge of the phenol that was accumulated in the cells which led to a bigger increase in the phenol concentration—835.06 mg/kg for variant Ph and 721.89 mg/kg for variant PhND. The lower values of the phenol at these hours in the variant PhND manifest the adsorbing properties of the nanoparticles which are due to the one of their specific features—their surface-active groups. From the 75th to the 96th hours a sharp decrease in the phenol concentration was registered. Due to the critical concentration being reached and the significant inhibition of the microorganisms, the process of elimination was probably accompanied by different biotic and abiotic processes, but it could hardly be considered a real biodegradation process. Between the 75th and the 96th hours, a sharp decrease in the phenol concentration was registered, which contradicts the biological logic of the realization of the biodegradation process. Here, phenol elimination from the model sediment site had occurred based on physicochemical processes—phenols flying in the air (this is a volatile pollutant at an extremely high concentration in periodically mixed sediments), polymerization and a permanent adsorption of the polymerized products on the sediment particles and others like them. After the physicochemical decrease in the phenol concentration after the 96th hour to around 310 mg/kg (a concentration which is near-critical), the long phase of the readaptation of the inhibited biological system began. This process of readaptation (from the 96th to 192nd hour) began around the 96th hour and only at the 192nd hour did the microbial community start to recover its biodegradation potential. Again, from the 192nd to the 214th hours, a real biodegradation process was registered. This is the reason for the later study of the kinetic biodegrading parameters which constituted a second real biodegradation stage from the 192nd to the 214th hours.




3.2. Kinetic Parameters of Biodetoxification Processes


Table 2 presents the kinetic parameters of the phenol biodegradation process in the experimental variants Ph and PhND within the bioremediation of the sediments. The rates of biodegradation of phenol at the 48th hour were found to be 1.598 mg/kg·h in variant Ph and 0.891 mg/kg·h in variant PhND. At the end of the process (at the 214th hour) an increase in this rate was found in the variant with the added ND—5.446 mg/kg·h, compared to the control variant Ph—4.578 mg/kg·h. The lower rate at the 48th hour may be due to the adsorption of phenol onto the nanodiamonds at the beginning of the process. This led to lower concentrations of the residual phenol, and thus induced the enzymatic activities that were responsible for the biodegradation of the xenobiotic.



The specific rate of the biodegradation of the phenol value at the 48th hour for the variant Ph was 0.211 mg/kg·h and 0.100 mg/kg·h for the variant PhND. At 214th hour, the specific rate for the variant PhND was 0.436 mg/kg·h versus 0.348 mg/kg·h for the variant Ph. The data in Table 1 show the negative modulating effect of the nanodiamonds on the first phase of the biodegradation of the phenol and the positive modulating effect at the end of the process.



Another finding is that the effectiveness of the elimination of phenol at the 48th hour was lower in the PhND variant. This confirms the negative modulating effect of nanodiamonds on the initial phase. At the end of the process (at the 214th hour), the effectiveness of variant Ph was 29.64% and for PhND—33.42%, i.e., the effectiveness was almost equal (with a difference of about 4%). These results show the low effectiveness of the elimination of the toxic pollutant.



Figure 3 presents the effect of nanodiamonds on the kinetic parameters of the biodegradation of phenol, compared to the control variant Ph. It was found that, at the 48th hour, the rate of the biodegradation of the phenol in the variant with the added ND was 44.37% lower than that of the control variant Ph, while at the 214th hour there was an increase of 19.00% in the variant PhND. From the data that are presented in Figure 3, it was found that, at the 48th hour, the specific rate of the biodegradation of phenol in the variant PhND was 52.38% lower than that of the variant Ph, while at the 214th hour we registered an increase in the specific rate by 25.71% in the variant PhND. Similar to the RBP, the data showed a higher SRBP for the 214th hour in the variant with ND. Regarding the EFF, it was found to be 35.72% lower at the 48th hour than in the control variant Ph, while at the 214th hour it was found to increase the EFF by 12.75%.



So far, it is clear that the rates and effectiveness of phenol elimination at the 48th hour were lower than those at the 214th hour in both of the experimental variants. It also became clear that the nanodiamonds reduced the kinetic parameters up to the 48th hour and increased the same parameters of the biodegradation of phenol up to the 214th hour. At the same time, in the moments of phenol addition (the explosive pollution), the nanodiamonds almost expressly reduce the amount of the residual phenol and relieved the system by slightly weakening the intoxication shock.



The next two sections will consider the microbial community, the adaptive mechanisms with which it responded, and how it changed its functional structure within the sediment during the model bioremediation through the study of classical cultivation techniques and fluorescent in situ hybridization analysis. Autochthonous microflora play a key role in the transformation of naturally occurring pollutants in sediments, as well as pollutants that are of an anthropogenic origin. Sediments accumulate high concentrations of organic matter, ions and toxic substances that are expected to have a negative effect on microorganisms. However, the biofilm in the sediments, through the processes of the succession and synergy of communities, has a high level of bioremediation potential.




3.3. Relationship of Culturable and Non-Culturable Microorganisms during Adaptation without ND


This section discusses the results of the culture techniques and non-cultivation methods (FISH methods) that were used for studying the functional diversity of the microorganisms during of model bioremediation of phenol-contaminated sediments. The dynamics of the key physiological and taxonomic groups of the microorganisms are presented. A comparison was also made in the restructuring of the microbial communities during the process with the variant without added nanodiamonds.



Figure 4a shows the quantity of aerobic heterotrophs, as well as the phenol-degrading microorganisms that were present in the variant without added ND at the 0th, 48th and 214th hours—the three critical points characterizing the process. The number of aerobic heterotrophs shows a gradual increase throughout the process. The results for this group reveal the ability of the microbial sediment community to adapt to the available toxicant, based on the multiplication of the number of bacterial cells. The phenol-degrading microorganisms, during of the biodegradation process, increased their quantity despite intoxication shock (Figure 4). For them, phenol is both a substrate and an inhibitor. These two effects of phenol on the quantity of phenol-degrading microorganisms are related. During the adaptation process of sediment microbial communities (from the 48th–214th hours) these microorganisms increased their number more than 2 times. All of this leads to the intermediate conclusion that one of the adaptive reactions of the sediment microflora is an increase in the density of the cultured phenol-degrading microbial segment. In the microbial consortium at the 214th hour, their number was at its largest. At this time, microbial restructuring processes had already taken place and processes of a specific enzymatic response to the phenol were likely to take place in the microbial communities. So far, the data well illustrate the ability of xenobiotic-degrading bacteria to cope with phenol loading at near-critical concentrations (approximately 280 mg/kg) [71,72]. This result is not uncommon, as the intensive biodegradation of 200 mg/kg phenol under anaerobic conditions within 192 hours has been demonstrated in previous research [73]. It should be noted that the cultivation methods do not reflect the real picture of the metabolic processes in the microbial community and that these results should be interpreted more fully when considering the data from the fluorescent in situ hybridization analysis.



In the variant Ph, the quantity of Pseudomonas and Acinetobacter bacteria increased at the 48th hour (Figure 4b). This leads us to infer the exclusive role of both types of bacteria, the quantities of which determine their metabolic capacity to eliminate pollutants of different natures in the microbial community. These results coincide with the research of a number of authors, according to whom the adaptation of microbial communities to the biodegradation of toxic pollutants in concentrations that are close to critical involves the number of microorganisms of the genus Pseudomonas and Acinetobacter increasing; these are the main component of the culturable xenobiotic-degrading complex [72,74,75]. In our case, the bacteria of the genus Acinetobacter had a numerical advantage, during the whole process, over the bacteria of the genus Pseudomonas. In both groups there was a decrease in the number of cultured bacteria after the high intoxication shock at the 214th hour.



The bacteria of the genus Acinetobacter and especially those within the group of phenol-degrading bacteria remained present in relatively large quantities at the 214th hour. In contrast, the pseudomonads lost their leading role in biodetoxification. This is probably due to competition for substrates and electronic acceptors. Despite the smaller number of these bacteria, it is possible that they showed higher biodegradation activity. The quantity of cultured pseudomonads may be reduced by increasing the amount and activity of non-culturable Pseudomonas. The literature shows that both mechanisms are in force and that these two mechanisms are usually combined [30,72]. The community intensifies its biodegradation activity at the expense of the simultaneous manifestation of the following biological mechanisms:




	(1)

	
In the early phase (at the 48th hour—in the biodegradation process while at phenol concentrations that are close to critical) of adaptation to low phenol concentrations, microbial communities respond by increasing the quantity of microorganisms from the key groups for the biodegradation process.




	(2)

	
In the late phase (after the intoxication shock and the start of the readaptation process) after prolonged adaptation to high concentrations of xenobiotics that are close to a critical level, the adaptive response is more complex and highly specialized. Synergistic relationships and zones are formed in the communities with high oxygenase enzyme activity, formation of mature biofilm with zones with high biodegradation activity and other similar mechanisms. In this case, the quantity of culturable microorganisms is not the only adaptive response. For the genera Pseudomonas and Acinetobacter, the mechanisms that are associated with increased activity to degrade the xenobiotic are valid.









The genera Pseudomonas and Acinetobacter were studied by fluorescence in situ hybridization analysis. Bacteria of the genus Pseudomonas and the genus Acinetobacter have been selected as key microorganisms due to their importance in the biodegradation of xenobiotics. It is known that microorganisms from these two genera can use alternative pathways for energy supply and this property gives them more opportunities to develop resistance and reach their detoxification potential [72].



From the data in Figure 5 for the percentage of non-culturable bacteria of the genus Pseudomonas, in relation to the total number of microorganisms that were stained with DAPI, it was found that at the beginning of the process at the 0th hour the non-culturable Pseudomonas bacteria numbered 11.46%, while the non-culturable Acinetobacter numbered 16.61%. These results from the beginning of the process are correlated with the results for the non-culturable bacteria of these two genera, where bacteria of the genus Acinetobacter were dominant. At the 48th hour, the pseudomonads responded with an increase in their percentage, reaching 22.81%, while the genus Acinetobacter decreased its presence to 7.95%. After the explosive addition of phenol at the 72nd hour and after a certain period of readaptation of the sedimentary microbial communities, at the 144th hour there was a change in the dominant genus. Bacteria of the genus Acinetobacter increased their percentage to 17.72%. Pseudomonads decreased their presence to 9.52%. At the end of the study process at the 214th hour, the genus Acinetobacter maintained its higher percentage by 15.57%, compared to 6.99% for the genus Pseudomonas. These results are identical to those that were obtained for the culturable bacteria, where again the genus Acinetobacter had a leading role in the biodegradation of the phenol.




3.4. Relationship of Culturable and Non-Culturable Microorganisms during Adaptation with the Participation of ND


The quantity of aerobic heterotrophs at the 0th and 48th hours was found to be higher in the PhND variant, a result which was probably influenced by the ND that were added to the system (Figure 6a). This peak in the quantity of aerobic heterotrophs was followed by a sharp decrease at the 214th hour. The stimulating effect of the ND at the 48th hour was due to the fact that there was a high concentration of trivial substrates in the system. On the other hand, due to the adsorption of phenol on the ND and in the “micelles” its toxic effect on the other microorganisms, in this case the complex of aerobic heterotrophs, was reduced.



The phenol-degrading microorganisms, during the biodegradation process, increased their quantity, despite the intoxication shock (Figure 6a). In the microbial consortium at the 214th hour, their number was the largest in both variants. At this time, microbial restructuring processes had already taken place and processes of a specific enzymatic response to phenol were likely to take place in the microbial communities. In the control variant Ph, the quantity of cultured phenol-degrading microorganisms exceeded that which was present in the variant with ND at the 48th and 214th hours. It should be noted that the culture methods do not reflect the real situation of the metabolic processes in the microbial community and that these results should be interpreted more fully in the section on the application of fluorescent in situ hybridization analysis.



The data that are presented in Figure 6b also establish the influence of ND on two important taxonomic groups of bacteria—Pseudomonas and Acinetobacter. Nanodiamonds, at the 48th hour, had a positive effect on the development of bacteria of the genus Acinetobacter, but at the 214th hour their quantity was negatively affected in the control variant Ph. At the 48th hour there was a peak in the quantity of Acinetobacter and a decrease in the number of bacteria at the 214th hour. This peak was probably due to the increased bioavailability of pollutants in the system, both trivial and xenobiotic. In this case, ND led to the strong stimulation of the bacteria of the genus Acinetobacter at the 48th hour and their inhibition at the 214th hour, while the nanoparticles caused a decrease in the bacteria of the genus Pseudomonas at the 48th hour and had almost no effect on their amount at the 214th hour. The change in the dominant role of these two bacterial genera in terms of the characteristics of the detoxification process was again confirmed. Here, most likely, the specific mechanisms that are a response to community adaptation have been activated. However, here we have to emphasize—these are only culturable bacteria from both genera.



As a brief summary, when monitoring the quantity of the bacteria from the xenobiotic-degrading complex (genus Pseudomonas and genus Acinetobacter as well as phenol-degrading microorganisms) it was found that, after the explosive load in the 48th hour, the bacterial segment changed as follows:




	
The genus Pseudomonas reduced their quantity. In this standard method of studying microbial cenosis, ND inhibited the growth and adaptation of culturable bacteria of this genus within 48 h.



	
At the 48th hour, the other two physiological and taxonomic groups increased their populations of culturable bacteria, namely Acinetobacter and the phenol-degrading microorganisms. Bacteria of the genus Acinetobacter played a leading role in the bioremediation of the phenol-contaminated sediments. These bacteria have occupied this ecological niche and there was an increase in their population compared to the observed decline in the quantity of bacteria of the genus Pseudomonas.








From the data that are presented in Figure 7, the percentage of non-culturable bacteria from Acinetobacter was found to be 16.61% at the 0th hour, while for Pseudomonas it was 11.47%. These results for the start of the process are correlated with the results for culturable bacteria of these two genera, where the dominant bacteria were Acinetobacter. At the 48th hour, the pseudomonads responded by reducing their percentage to 9.40%, while the Acinetobacter decreased to 15.80%. After the explosive addition of phenol at the 72th hour and after a certain period of readaptation of the sediment microbial communities at the 144th hour, the genus Acinetobacter’s tendency to predominate was preserved. The bacteria of the genus Acinetobacter increased their percentage to 24.68% at the 144th hour. The pseudomonads also increased their percentage to 11.21% by the 144th hour. At the end of the process at the 214th hour, genus Pseudomonas played a dominant role at 20.69% compared to 11.66% for the genus Acinetobacter. These results are in contrast to those of the culturable bacteria, where the genus Acinetobacter played a leading role in the biodegradation of the phenol at the end of the process.




3.5. Effect of ND on the Restructuring of the Microbial Community


Table 3 presents the effect of ND on the amounts of the key groups of microorganisms that were present at the 48th hour of the biodegradation process compared to those that were present at the same time in the control variant Ph. In this phase, the nanomodulator, as we have already established, had the strongest influence on the initial adaptation to the degradation of pollutants and had a positive effect on the quantitative growth of the aerobic heterotrophs and bacteria of the genus Acinetobacter. The aerobic heterotrophs and bacteria of the genus Acinetobacter had the largest percentage increases, 33.87% and 74.65%, respectively.



The largest decrease was registered in the percentage of the bacteria of the genus Pseudomonas (−76.30%) and the phenol-degrading microorganisms (−60.61%) (Table 3). Phenol-degrading microorganisms and especially bacteria of the genus Pseudomonas have a plastic metabolism for the degradation of trivial organics and they play a key role in the degradation of xenobiotics [72,76,77]. In this case, in microbial restructuring, ND activate the degradation of organic matter by heterotrophic microorganisms and ND have positively stimulated bacteria of the genus Acinetobacter from the xenobiotic-degrading complex.



Under the modulating effect of the ND, the largest percentage negative change in the 214th hour was registered by the phenol-degrading bacteria (−75.35%) (Table 3). At the same time, the aerobic heterotrophs decreased by −19.45% compared to the control variant Ph (Table 3).



At the 214th hour, the ND stimulated the Pseudomonas bacteria by 71.83%. At the same time (the 214th hour), the phenol-degrading microorganisms and bacteria of the genus Acinetobacter decreased by 75.35% and 37.58%, respectively. Bacteria of the genus Pseudomonas are also involved in the processes of organic transformation, but here they probably played a significant role in the biodegradation of phenol when the trivial substrates were depleted (Table 3).



During the experiment, dynamic changes in the development and restructuring of the microbial community were found in both of the variants. The effect of the ND, as compared to the control variant, was registered in the 48th hour within bacteria of the genus Acinetobacter (+74.65%) and the aerobic heterotrophic bacteria increased by about 30%. At the 214th hour, the bacteria of the genus Pseudomonas increased by 71.83%, compared to the control variant. These changes are related to microheterogeneity, due to nanoparticles, oxygen access, the number of bacteria and the influence of the toxic agent.



The discussed microbiological dependences are reflected and associated with the changes in the kinetic parameters of the process of biodegradation of phenol and the bioremediation of the sediments and also with the changes in the enzymatic profile; the role of non-culturable microorganisms in sedimentary communities [72]. Comprehensive interpretation of this information is a key tool for use in future algorithms for managing risk situations stemming from the explosive and accumulative loading of sediments with toxic pollutants.



From the data that are presented in Figure 8, it could be concluded that the nanodiamonds had a positive effect on the density of the microorganisms of the genus Pseudomonas at the 144th and 214th hour (+17.71% and +195.54%, respectively). At the end of the biodegradation process, a peak in the density of bacteria of the genus Pseudomonas was reached, which means that the system had already adapted and could degrade the phenol that was present in the sediments. The ND helped the microbial system to stay active for longer, i.e., there was an increase in the readiness of the pseudomonads to degrade the toxicant. In the control variant, the density was highest at the 48th hour, but the distribution of the microorganisms was uneven, without the clear formation of microbial structures. These structures and clusters are the most likely places (zones), or micro-niches, where phenolic biodegradation is enhanced at the expense of the synergetic relationships that are formed there. These assumptions are supported by the kinetic parameters of phenolic biodegradation, enzyme activity and other data from researchers working with amaranth, pentachlorophenol and other toxic pollutants [72,74,75,78].



From the data that are presented in Figure 8, it could be concluded that the ND had a positive effect on the density of Acinetobacter microorganisms at the 48th and 144th hours. Comparing the results that are presented in Figure 8, it can be concluded that a clear synergism was registered in the hours of the strongest adaptation of the bacteria of the two target genera in the ND variant. The ND had their strongest effect on the genus Acinetobacter at the 48th hour, while for bacteria of the genus Pseudomonas the effect was the strongest at the 214th hour These results can be considered as a response to the microbial system, which through its smooth restructuring adapts to toxic shock. The development of this synergism and metabolic succession in the activity of the two target genera can be considered as a successful adaptation of the microbial community to effectively cope with the toxic effects of high concentrations of phenol and its adaptation to subsequent biodegradation.



Judging by the photographic material detailing the bacteria of the genus Pseudomonas at the 48th hour in the PhND variant, accumulations of a small size and rather dispersed locations of the bacteria of the target genus were reported (Table 4). At the 144th hour, the genus Pseudomonas showed stronger fluorescence (compared to the 48th hour), corresponding to its increased metabolic activity. Clusters of increased size were found, which is an indication of the development of cooperative and synergetic relationships. These relationships are connected with improved and increased target activity. In this case this activity was the increased detoxification of phenol. At the 214th hour, well-formed accumulations of microorganisms were established—an indication of established synergetic relationships in the biodegradation community. At the end of the experiment, high-intensity fluorescence was detected in the PhND variant, which indicates high levels of density and activity of Pseudomonas spp. in the microbial community. At the 214th hour, an inverse relationship was found when comparing the cultured and non-cultured microorganisms (Figure 9). Pseudomonas spp. predominated among the non-culturable ones, while Acinetobacter spp. predominated among the culturable ones (Figure 9).



The corresponding photographic material for the genus Acinetobacter recorded low fluorescence at the 2nd hour, corresponding to low metabolic activity of the target group (Table 4). At the 48th hour, a relatively strong fluorescence and strong clustering of the genus Acinetobacter was recorded, showing the activation of the population of these microorganisms in the biofilm. An increase in the quantity of the target microorganisms was observed at the 144th hour, but the clustering was not as compact as it was at the 48th hour. It can be assumed that at this time bacteria of the genus Acinetobacter had high activity with respect to the biodegradation of the xenobiotic, but the synergistic relationships in this group were not so well established. An explanation can be found in the assumption that ND have a positive stimulation on the development of the adaptive potential of the genus Acinetobacter. Accumulations of the microorganisms were registered at the 214th hour, but the clusters were reduced in size and their fluorescence was reduced in intensity compared to that which was observed at the 144th hour. The addition of ND helped to overcome the early toxic shock by increasing the amount of non-culturable bacteria of the genus Acinetobacter, especially at the 48th and 144th hours (Figure 9). This led to an increase in the number of synergistic relationships and the ability of the sediment microbial communities to reactivate their biodegradation detoxification potential. At the same time, Pseudomonas spp. played the largest role in the late adaptation. The clear proof of this was the significant clustering that was observed at the 214th hour. At the 214th hour, the Pseudomonas spp. prevailed as culturable and non-culturable bacteria, probably with high detoxification activity.





4. Conclusions


The adaptive response of microbial communities to the biodegradation of phenol at low concentrations (close to critical, about 250 mg/kg) manifests itself as the multiplication of culturable bacteria and an increase in AeH (by 33.87%) and Ac. (by 74.65%) as well as a relatively well-developed non-culturable microbial segment of Pseudomonas and Acinetobacter in the presence of the ND.



In the case of the modelled explosive or accumulative contamination of sediments with phenol in concentrations many times higher than that which is considered critical (in the case of phenol up to 835 mg/kg), the sediment communities fell into intoxication shock. This requires a technological, physicochemical or bioremediation reduction of the concentration of the toxicant and the chosen approach to this is critical for the community. ND as an augmentation factor improved the parameters of the adaptation to and biodegradation of the toxic pollutants: they increased RB by 19%, Eff by 13%, and activated the increase in the amount of Ps. (culturable) by 72% after the intoxication shock. In long-term adaptation processes, the presence of ND when associated with high phenol intoxication and readaptation led to the evolution of the xenobiotic biodegradation potential. This was done by increasing the relative part of non-culturable Ac. (FISH) (at the 48th and 144th hours) and Ps (FISH) (at the 144th and 214th hours). In parallel, ND presence increased the cometabolic and synergistic relationships in the xenobiotic-degrading consortium. ND increased the relative part of Ac. (FISH) by 98.98% at the 48th hour and by 39.94% at the 144th hour, it also increased the relative part of Ps. (FISH) at the 144th and 214th hours (by +17.71% and +195.54%, respectively). The reasons for these results are complex—including the deeper anaerobic conditions in clusters of ND and the greater ability of Acinetobacter and especially Pseudomonas to use alternative energy sources to overcome intoxication. In conclusion, it was found that ND accelerated the detoxification processes and their effect was higher in risky situations that involve explosive pollution with extremely high concentrations of xenobiotics. This effect from nanoparticles is extremely important for the effective implementation of bioremediation in river sediments. The results that were obtained could be used as a reference for similar studies for lake and dam sediments, as well as for dewatered sludge from wastewater treatment plants. Nanodiamonds could also be used as nanomodulators in future experiments on the biodegradation of xenobiotics such as nitrophenols and pentachlorophenol.
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Figure 1. Experimental design. 






Figure 1. Experimental design.
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Figure 2. Residual concentration of phenol in Ph and PhND variants in the course of model bioremediation of contaminated sediments. Arrows indicate the addition of phenol in the model system—at the 2nd, 49th and 72nd hours. 
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Figure 3. Effect of ND on kinetic parameters. 
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Figure 4. Quantities of: (a) aerobic heterotrophic bacteria and phenol-degrading bacteria in the variant without added ND; (b) bacteria from genus Pseudomonas and genus Acinetobacter in the variant without added ND. 
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Figure 5. Percentage of non-culturable bacteria of the genus Pseudomonas and genus Acinetobacter and residual phenol concentration in the variant without added ND. 
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Figure 6. Quantities of: (a) aerobic heterotrophic bacteria and phenol-degrading bacteria in the variant without added ND; (b) culturable bacteria of the genus Pseudomonas and the genus Acinetobacter in the variant with added ND. 
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Figure 7. Percentage of non-culturable bacteria of the genus Pseudomonas and genus Acinetobacter and residual phenol concentration in the variant with added ND. 
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Figure 8. Effect of ND on non-culturable bacteria of the genus Pseudomonas and the genus Acinetobacter. 
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Figure 9. Comparison between culturable and non-culturable bacteria of the genus Pseudomonas and the genus Acinetobacter in the variant PhND. 
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Table 1. Studied groups of microorganisms, nutrient media, and cultivation conditions.
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	Microbiological Indicator
	Nutrient Media
	Producer
	Incubation Conditions





	Aerobic heterotrophic bacteria

(AeH)
	Nutrient agar in aerobic conditions
	HiMedia
	24 h,

37 °C



	Genus Pseudomonas

(Ps.)
	Glutamate starch Pseudomonas agar
	HiMedia
	24 h,

37 °C



	Genus Acinetobacter

(Ac.)
	Sellers differential agar
	HiMedia
	24 h,

37 °C



	Phenol-degrading bacteria

(Ph.degr.)
	Synthetic salt medium with added phenol
	according to Furukawa, 1983
	2–7 days, 28 °C
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Table 2. Kinetic parameters of phenolic biodegradation and biomass growth.
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Parameters

	
Variants

	
48th hour

	
214th hour






	
Rate of biodegradation of phenol /RBP/mg/kgxh

	
Ph

	
1.598 ± 0.166

	
4.578 ± 0.295




	
PhND

	
0.891 ± 0.117

	
5.446 ± 0




	
Specific rate of biodegradation of phenol/SRBP/mg/kgxh

	
Ph

	
0.211 ± 0.022

	
0.348 ± 0.027




	
PhND

	
0.100 ± 0.016

	
0.436 ± 0




	
Rate of accumulation of biomass /RAB/mg/lxh

	
Ph

	
−0.082 ± 0.053

	
0.034 ± 0.008




	
PhND

	
−0.054 ± 0.028

	
0.021 ± 0.008




	
Effectiveness of elimination of phenol/EFF./%

	
Ph

	
26.15 ± 1.976

	
29.64 ± 1.638




	
PhND

	
16.81 ± 2.260

	
33.42 ± 0.486
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Table 3. Effect of ND on the amount of culturable key groups of microorganisms at 48 h and 214 h of the bioremediation process (expressed in %).
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	Groups of M.O.
	Change (%) versus Variant Ph at 48 h
	Change (%)

versus Variant Ph

at 214 h





	AeH
	+33.87%
	−19.45%



	Ps.
	−76.30%
	+71.83%



	Ac.
	+74.65%
	−37.58%



	Ph.degr.
	−60.61%
	−75.35%
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Table 4. Fluorescent images of the microbial community for the variant PhND (400×). Subjects were represented by hybridization with an oligonucleotide probe specific to the genus Pseudomonas (red) and the genus Acinetobacter (yellow).
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	2nd hour
	48th hour
	144th hour
	214th hour



	 [image: Processes 10 00602 i001]

Ps. /FISH/- 2nd hour
	 [image: Processes 10 00602 i002]

Ps. /FISH/-48th hour
	 [image: Processes 10 00602 i003]

Ps. /FISH/-144th hour
	 [image: Processes 10 00602 i004]

Ps. /FISH/-214th hour
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Ac. /FISH/-2nd hour
	 [image: Processes 10 00602 i006]

Ac. /FISH/-48th hour
	 [image: Processes 10 00602 i007]

Ac. /FISH/-144th hour
	 [image: Processes 10 00602 i008]

Ac. /FISH/-214th hour
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