Interaction of biomass of aerobic bacteria and fungi with Pu(IV) at low pH
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The aim of this study was to investigate the change of Pu oxidation states due to interaction with aerobic bacteria and fungi at low pH under laboratory conditions. Microorganisms were isolated from samples collected from the low-level radioactive waste repository within the confines of Ignalina NPP. Abilities of the fungi (Absidia spinosa var spinosa Lendn. and Paecilomyces lilacinus Thom Samson) as well as Gram-positive bacteria (Bacillus mycoides and Micrococcus luteus) and Gram-negative bacterium I-m1 to transform the oxidation states of Pu under aerobic conditions were investigated. Oxidized and reduced Pu was tested using two radiochemical procedures. The amount of reduced and oxidized Pu was determined by measuring alpha activity after radiochemical separation.
The results have shown that all bacteria and fungi can very slightly alter oxidation states of Pu due to their microbial activity. All the microorganisms tested demonstrate quite a fast process of Pu biosorption under the experimental conditions. 
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Introduction
Many studies have shown that microorganisms are able to bring about a significant alteration in the environmental behavior of a number of redox-sensitive elements, including actinides and Pu among them [1-10]. The potential of migration of Pu at contaminated sites and also from the waste repository depends on the Pu environmental behavior determined by its chemical speciation [5,9]. The geochemical and physical characteristics of the environment and microbial activity play an important role in Pu behavior in various environmental systems [7,9,11]. Under appropriate conditions the activity of microorganisms could affect the chemical nature of Pu due to changing redox conditions and biotransformation of its oxidation states. The oxidation states control the solubility, complexation and thus the geochemical action of Pu [12]. The direct enzymatic or indirect nonenzymatic interaction of microbes with Pu could considerably affect its solubility or immobilization because of the formation of stable complexes with metabolites and organic degradation products [13,14]. A number of studies on the microbiological processes in the mobilization and immobilization of radionuclides have been conducted [11,14-16]. The influence of microorganisms on the removal of radionuclides from contaminated environments has been investigated [17-20]. Pu reduction by Fe-reducing bacteria, metal-reducing bacteria Geobacter metallireducens and Shewanella oneidensis, and Bacillus sphaericus was shown [8,21,22]. In oxic environments, Pu exists mostly as low soluble Pu(IV) oxides and hydroxides. Some microbes are able to reduce Pu(IV) oxyhydroxides, especially under anaerobic conditions, and thus reductively solubilize Pu(IV) to Pu(III) [23]. The biosorption studies [5] have shown that Pseudomonas stutzeri and Bacillus sphaericus, representatives of the main aerobic groups of soil bacteria present in the upper soil layers, accumulate high amounts of Pu(VI). A.J.Francis [14] observed reductive dissolution of Pu and biodegradation of Pu-citrate complexes by aerobic bacterium Pseudomonas fluorescens and anaerobic bacterium Clostridium sp. Pu uptake by Aspergillus niger mycelium and its transport to spores have been reported. 
The studies surveyed demonstrated that microorganisms can affect the long-term behavior of Pu in geochemical medium by the oxidation-reduction reactions and by bioaccumulation and bioprecipitation processes. For all that, according to A.J. Francis [14] there is quite limited fundamental understanding of the mechanisms of microbial dissolution and immobilization of Pu under various environmental conditions, especially under conditions typical of radioactive waste repository.
The aim of this study was to investigate the impact on the plutonium oxidation states due to activity of aerobic bacteria and fungi subsistent in low nutrient medium in the low-level radioactive waste repository. For this purpose we performed a study on the reduction of Pu(IV) at the low pH in non-complexing NaCl solution under ambient conditions.
Experimental
Isolation, identification and cultivation of microorganisms
Microorganisms were isolated from the dust collected from the wood and cardboard surface at a low-level waste-repository site within the confines of Ignalina NPP. Bacteria were isolated and characterized using culture identification following a morphological identification, using Gram staining reaction and other biochemical tests [24]. Fungi were isolated on malt extract agar (MEA, Liofilchem, Italy) and potato dextrose agar (PDA, Liofilchem, Italy) using the dilutions of 10–2, 10–3, and 10–4. Bacteria were isolated on nutrient agar (NA, Liofilchem. Italy) using the dilutions of 10–5, 10–6, 10–7. Isolation and enumeration of actinomycetes were performed by the dust dilution plate technique using Starch-casein agar (Starch 10 g, casein 0.3 g, KNO3 2 g, NaCl 2 g, K2HPO4 2 g, MgSO4∙7H20  0.05 g, CaCO3 0.02 g, FeSO4∙7 H20 0.01g, and agar 18 g L-1). Nystatin (50 μg ml–1) was added to avoid fungal contamination. Concentration of bacteria, actinomycetes and fungi viable in dust expressed as colony forming units (CFU) in 1 g of a dust sample was determined after 2–3, 7–14 and 7 days, respectively. Fungi, bacteria and actinomycetes were incubated at 25±2°C, 32±2°C and 28±2°C, respectively, in the dark. All fungal morphotypes were transferred on MEA, PDA, corn meal agar (CMA) and Czapek’s agar (CA), grown for up to 21 days and identified. Standard procedures based on colony, spore and structural morphology were followed for identification to a species level [24-32]. To identify the Penicillium genus isolates to species, the methods and key provided by Pitt [33] were used. The microscopic characterization of actinomycetes was done by the cover slip method. The observed structure was compared with Bergey’s Manual of Determinative Bacteriology [24].
General experimental procedure
Impact of low pH on the viability and development ability of the bacteria and fungi was investigated. Gram-negative bacterium I-m1 was very resistant, three microorganisms (Absidia spinosa, Paecilomyces lilacinus, Bacillus mycoides) retained viability and possibility to develop after 1–4 hours exposure under acid conditions (pH 2–2.5), while bacterium Micrococcus luteus was less resistant–remained viable only up two hours exposure. Spores, conidia and bacterial cells did not collapse in acid suspension. However, after the long-term exposure (up to 48 hours) all four microorganisms did not grow even when they were transferred on the standard media.
Microorganism cells were separated from growing media by centrifugation (for bacteria) or by filtration through filter paper (for actionomycetes and fungi), washed thoroughly with deionized water and then with 0.08M NaCl. The 9.2x10-12M Pu(IV) in 5M HNO3 solution was prepared using 239Pu stock solution (Eckert & Ziegler Isotope Products). The oxidation state of Pu(IV) was held by adding 0.1 ml of 0.5M NaNO2 to the solution. Biomass (0.03 g L-1 dr.wt.basis) was resuspended in 20 mL of 0.08M NaCl solution, and 9.2x10-12M of Pu(IV) was added. The pH of the solution was adjusted to the values of 2.7–2.9 to avoid transformation of Pu oxidation states because of hydrolysis and the formation of polymeric/colloidal species [34]. The suspensions were shaken for 1 hour at room temperature. Another set of the experiment included 24-hours exposure of the cells to Pu(IV) under the static conditions. After separating the cells by centrifugation, concentration of Pu(III) and Pu(IV) in both supernatant and biomass was analyzed. The pH values were measured after 1 hour and 24 hours of exposure. In order to check the oxidation state of Pu the control experiments without microorganisms were carried out by repeating the same procedure as stated above. The results of the control experiments showed that Pu(IV) remained completely stable over 24 hours.
Radiochemical oxidation state analysis
The lower oxidation states of Pu(III and IV) separated from the higher oxidation states of Pu(V and VI) using the method proposed by Lovett and Nelson [35]. An analytical procedure for the determination of Pu by the ion exchange method is based on the absorption of anionic complexes of Pu(IV) from nitric acid media [36]. The separation of Pu(IV) from Pu(III) that cannot form anionic complexes in HNO3 medium is based on the differences in sorption of these Pu oxidation states onto the anion exchange resin. Thus, loading of the solution containing both Pu(IV) and Pu(III) onto the anion exchange resin column without valence adjustment forms conditions that plutonium of only oxidation state (IV) should be sorbed.
After electrodeposition the samples were measured with the alpha-spectrometer Octete Plus (Ortec) (detector 450 mm2). The counting time ranged from 25 to 75 hours depending on the sample activity. Alpha-counting efficiency was 25% and resolution 25-27 keV.
Results and discussion
The bacterial community isolated from the dust onto wooden and cardboard surfaces at the low-level repository site consisted of eight different bacteria, one of the morphotypes belonged to Gram-negative bacterial group and seven bacterial morphotypes belonged to the Gram-positive bacteria (frequency of occurrence and morphological description not presented). Fungi belonging to the genera of Absidia, Chrysosporium, Paecilomyces, Penicillium and Trichoderma were isolated from dust samples as well.The higher abundance of spore-forming bacteria was determined in the dust from the cardboard. Bacterial and fungal concentration in two dust samples investigated differed tenfold. Viable propagules of the genus Penicillium dominated in the dust from the wood surface. The dominating fungi of the genera Absidia and Paecilomyces (Absidia spinosa and Paecilomyces lilacinus) as well as Gram-positive bacteria Bacillus mycoides and Micrococcus luteus and one morphotype of Gram-negative bacterium (strain I-m1) were selected for the investigation of their ability to transform the oxidation states of Pu under aerobic conditions.
The pH values in the experimental systems were measured after both 1 hour and 24 hours of exposure. No pronounced effect of microorganisms on the change of pH of solution was obtained. In the 1-hour experiment the pH of solution remained unvaried in the presence of all bacteria and fungi, except for fungi Absidia sp. In the experimental system with Absidia sp. the pH of solution decreased from 2.6 to 1.95. The pH value slightly increased from 2.7 to 2.9 after 24 hours of exposure. In case of fungi Absidia sp. the decreasing of pH from 2.6 to 1.8 was determined.
Figure 1 shows the percentage of reduced Pu(III) in supernatant and biomass following the 1-hour and 24-hours interaction of Pu(IV) with bacteria and fungi. Incubation of Pu(IV) with Bacillus mycoides in 0.08 mol L-1 NaCl at pH2.7 showed that 8.9% of Pu(IV) was reduced. After interaction of Pu(IV) for 24 hours in the presence of bacteria Bacillus mycoides under the same conditions the amount of Pu(III) increased by up to 14%. Gram-negative bacterium I-m1 showed an appreciable effect of its activity only during long-term interaction. Exposure of the I-m1 strain of Gram–negative bacterium to Pu(IV) for 24 hours showed its reduction to Pu(III) by up to 15% while only a negligible amount (0.4%) of Pu(IV) was reduced after 1-hour exposure. Those two bacteria of all studied microorganisms demonstrated the highest capability to reduce Pu(IV). Gram-positive bacteria Micrococcus luteus as well as fungi Absidia sp. and Paecilomyces lilacinus demonstrated weak abilities to reduce Pu(IV) in the supernatant at pH2.7. However, it may be related to a small viability of tested microorganisms under conditions of low pH.
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Fig.1. Distribution of reduced Pu(III) in supernatant and biomass 
A significant amount of Pu(III) obtained in supernatant compared with that in biomass suggests that the transformation of Pu oxidation state may be caused by secondary metabolites produced by microbes in the used experimental system [37-40]. However, an amount of Pu(IV) remaining in the experimental system exhibited quite a tenuous ability of studied microorganisms to alter the oxidation state of Pu. Analysis of distribution of Pu(IV) oxidation state (Fig.2) showed that the larger amount of this oxidation state was found in supernatant at the presence of bacterium Bacillus mycoides and one of I-m1 strain of Gram–negative bacterium in the system. In the system with Absidia sp., Paecilomyces lilacinus and partly Micrococcus luteus, the Pu(IV) fraction was mainly found distributed onto the microorganism biomass. Evaluation of Pu(IV) distribution in both supernatant and biomass of tested microorganisms showed that the amount of Pu(IV) varied from 13% after the 1-hour exposure to 58% after the 24-hour exposure in supernatant, and in biomass 27% and 87% of Pu(IV) were immobilized, respectively. 
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Fig.2. Distribution of Pu(IV) in supernatant and biomass 
A large amount of Pu(IV) in biomass suggests that the process of bioaccumulation is dominant. The percentage of Pu(IV) increased up to 70% after 1 hour of exposure in biomass of Micrococcus luteus. In the biomass of Paecilomyces lilacinus almost 57% of Pu(IV) was obtained, whereas in Absidia sp. approximately 87% of Pu(IV) was determined after 1 hour of contact. Lower ability to accumulate Pu(IV) was shown by Bacillus mycoides (35%) and bacterium Gram-negative I-m1 (44%) in the1-hour experiment. 

Conclusions
Dominance of Gram-positive and spore-forming bacteria in the radioactive dust shows their resistance to radiation and ability to survive under the nutrient limited conditions. Impact of low pH on the viability and development ability of the bacteria and fungi was investigated. One microorganism (Gram-negative bacterium I-m1) was very resistant, three microorganisms (Absidia spinosa, Paecilomyces lilacinus, Bacillus mycoides) retained viability and possibility to develop after 1–4 hours exposure under acid conditions (pH 2–2.5). Bacterium Micrococcus luteus was less resistant – retained viable only up two hours exposure. Spores, conidia and bacterial cells did not collapse in acid suspension. 
The obtained results indicate that among the tested species low abilities of alteration in the oxidation state of Pu were shown by Gram-positive bacteria Bacillus mycoides and one morphotype of Gram-negative bacterium I-m1. The amount of reduced Pu(III) in supernatant came up to 15%. Tested fungi practically had no influence on the redox process under the used experimental conditions. The presence of a significant amount of Pu(IV) in biomass suggests that the process of bioaccumulation is dominant. Both fungi and bacteria showed their good abilities to accumulate Pu from a solution at low pH. 
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