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Abstract

:

The aim was to study the bioleaching performance of chemoheterotrophic bacterium involved in leaching of major, rare earth, and radioactive elements from red mud (RM), and to explore the underlying mechanism. An acid-producing bacterium, identified as Acetobacter sp., was isolated from RM impoundment and used in the bioleaching experiments under one-step, two-step and spent medium process at up to 10% pulp density. The results showed that the leaching ratios of Al, Lu, Y, Sc, and Th were 55%, 53%, 61%, 52%, and 53% respectively under one-step process at 2% pulp density. Under both one- and two-step processes at 2% pulp density, the radioactivity of bioleached RM can meet the relevant regulation in China. The total amount of organic acids excreted by Acetobacter sp. increased with an increase of RM pulp density. After bioleaching, contents of hematite and gibbsite decreased but perovskite increased in RM. Micromorphology analysis indicated that the cells of Acetobacter sp. adhered to RM particles and formed large-size aggregates, and a new crystal of weddellite emerged. In view of the shorter lag phase and smaller biomass comparing to fungi even under direct contact with RM, bacterium Acetobacter sp. is supposed to apply to in situ heap or dump bioleaching of RM.
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1. Introduction


Aluminum, as one of the most important light metal, is commonly existed in oxide form known as bauxite. The bauxite residue named as red mud (RM), is a highly alkaline waste byproduct generated from Bayer or sintering process for producing alumina. On a global scale, more than 3.5 billion tons of RM stockpiled in RM storage area, with an increasing rate of 120 million tons per year [1,2]. Being highly alkaline and difficult to deal with, RM presents a significant environmental hazard, especially when spilled out of the clay-lined impounds designed to contain it. The disposal of RM remains an environmental concern all around in the alumina-aluminum producing countries.



Therefore, it is urgent to develop a safe and efficient technology to recycle RM. Utilizing RM as the raw construction materials is a promising way to decrease the huge storage volume of RM. However, the RM is frequently not up to the relevant standard for construction materials’ radioactivity, and thus the amount of RM added into concrete or cement is strictly restricted [3]



RM is defined as a kind of “polymetallic raw material” or “artificial ore” for the high content of valuable metals, e.g., aluminum, iron, titanium, rare earth elements, radioactive elements, etc. [4]. The first step to recover valuable metals in RM is leaching them into solution. Employing chemical leaching agents such as sulfuric, nitric and hydrochloric acids to extract metals from RM has been widely studied [4,5]. Comparing to conventional chemical leaching, bioleaching process is generally considered as a “green technology” with low energy requirement, operational flexibility and mildness, relative simplicity and environmental benignity, and has become an increasingly focus of researchers recently [6,7].



The microorganisms play a key role in bioleaching process. There are two different types of microorganisms involved in bioleaching: chemoautotroph and chemoheterotroph. Chemoautotroph are not suitable for leaching RM since they are not active in alkaline environment [8]. Besides, an energy resource such as sulfur or reduced iron to support the growth of chemoautotrophic bacteria is unavailable in RM. In comparison, chemoheterotroph can grow better in the presence of RM due to their fast growth, quick adaptation to alkalinity and acidity, and high tolerance to metal ions [9]. Although the cost of adding carbon and energy sources is indispensable to chemoheterotroph, it can be decrease by providing organic wastes [8].



Fungi and bacteria are the two groups of chemoheterotroph used as bioleaching strains. Fungal strains such as Aspergillus and Penicillium, have been reported to be applied into RM bioleaching [3,9,10,11,12]. However, the disadvantages of bioleaching with fungal strains appeared in our pilot-scale test.



First, huge amounts of biomass were generated through the assimilation activity of fungi, resulting in a high cost to deal with the waste biomass. Second, it was difficult to separate the RM particles from fungal biomass after bioleaching, which led to two problems: a loss of RM particles and a difficulty to deal with the hyphae-RM mixture. Third, spores generated from the fungi in bioleaching process were easily to cause environmental pollution.



Comparing to fungi, chemoheterotrophic bacteria is probably more suitable for RM bioleaching since they can avoid the disadvantages mentioned above. However, research about bioleaching of RM with chemoheterotrophic bacteria is seldom until now. This limits our understanding on actual potentiality of the bacteria for leaching RM in a laboratory as well as industrial scale. Therefore, the main objectives of this study are to explore the metal leaching performance of RM and the underlying mechanism by using chemoheterotrophic bacteria as the leaching strain.




2. Materials and Methods


2.1. Red Mud


Two different kinds of RM samples were collected from the RM storage area (26°41′ N, 106°35′ E) of Chinalco in southwest of China. One RM, stored for over 20 years in the bottom of the layered impoundment, was used for bacteria isolation. The RM samples were collected in sterile laminated stainless steel containers and then stored at 4 °C in refrigerator waiting for isolating microbes. The other RM, collected from the outlet of discharge pipe, was used for bioleaching test. Dried the second RM samples in an oven at 80 °C for 72 h, and powdered to 200 mesh. Contents of metal element and mineral composition of the RM were determined before bioleaching experiments.




2.2. Screening and Identification of Leaching Bacterial Strain


The first kind of RM sample was directly plated on nutrient agar media, tryptic soya media and Horikoshi media supplement with 2% (v/w) RM by serial dilution method [13]. The target colonies were isolated and purified after the RM samples incubated at 30 °C for 36 h. A total of 22 pure bacterial strains were isolated. Each of strains was cultured in test medium and the pH value was monitored for 10 days. The composition of test medium (g/L): beef extract 10; peptone 20; yeast extract 20, and RM 50. Eventually, a strain named RM-B07 with lowest pH value of the medium during cultivation period among all the strains was chosen as bioleaching strain.



In order to identify the bioleaching strain, physiological and biochemical tests were performed based on “Bergey’s Manual of Determination Bacteriology” [14]. Moreover, the gene sequence of 16S rRNA was analyzed and compared with registered sequence by Basic Local Alignment Search Tool (BLAST) in NCBI GeneBank database. A phylogenetic tree was constructed by the neighbor-joining method. The experimental details of gene analysis were described in our previous study [15].




2.3. Bioleaching Experiments


Strain RM-B07 was inoculated into leaching medium and incubated at 30 °C and 120 rpm in an orbital shaking incubator for 24 h for activation. Then 2 mL of bacterium suspension was inoculated into 100 mL of leaching medium in a 250 mL Erlenmeyer flask with different pulp densities (2, 5, and 10%) of sterilized RM. It was incubated at 30 °C and 120 rpm until the pH value of leaching solution kept invariable. The composition of leaching medium (g/L): absolute ethyl alcohol 30, glucose 10, and yeast extract 10.



Three different kinds of bioleaching processes were used: (i) the bacterium was inoculated into leaching medium together with RM (one-step process); (ii) pre-cultivated of the bacterium in leaching medium for 2 days before RM added into (two-step process); (iii) RM was added into cell-free spent medium which was obtained by filtering bacterium suspension through a filter membrane (0.2 μm, Whatman) after 6 days incubation of strain (spent medium process).



In each treatment, 2 mL samples were withdrawn at regular intervals for analyzing bacterial cell numbers, pH value, metal ions, and organic acids concentration. Control experiments were performed by using deionized distilled water and fresh leaching medium. All the culture mediums involved in this study were sterilized by autoclaving at 121 °C for 15 min before use. All experiments were run in triplicate.




2.4. Analytical Methods


The numbers of bacterial cell during bioleaching process was counted performed by standard plate count (SPC) method, which had a primary advantage that only living cells of bacteria was quantifying [16]. In this method, the results will be influenced easily by RM particles since the RM particles adhered by microbial cells can go onto the surface of solid media. For trying to avoid the disturbance of RM particles, the Erlenmeyer flask was stationary for 10 min to make the particles settle to the bottom before collected the samples of the supernatant.



The mineral composition of RM was determined by using X-ray diffraction (XRD; Axios PW4400, PANalytical B.V., Luoyang, China) with diffraction angle was performed from 5° to 60°. Peak identification was performed using software Jade 6.5 (MDI, Ivermore, CA, USA).



The determination methods of pH value, acid neutralization capacity (ANC), electrical conductivity (EC), metal ions concentration, organic acids concentration, elements composition, radionuclides concentration, and micromorphology of bacteria and RM were described in detail in our previous studies [3,12].





3. Results and Discussion


3.1. Screening and Identification of Strain RM-B07


The pH, EC, and ANC of the second kind of samples collected from the outlet of discharge pipe were 12.9, 21.8 mS/cm, and 3.53 mmol H+/g respectively. No bacterial strain was isolated from these samples. This result verified that the number of living cells of chemoheterotrophic microbes in fresh RM was close to zero due to extremely low level of nutrients as well as high toxicity [13,17].



The pH, EC, and ANC of the first kind of samples, which located in the bottom of the layered RM impoundment for over 20 years, were 9.8, 9.2 mS/cm, and 3.06 mmol H+/g respectively. Approximately 5 mm depth of algae crust with green color grew on the surface of the sampling point, which indicated a spontaneous primary succession occurred and the microbial diversity developed. Twenty-two different chemoheterotrophic bacterial strains were isolated from these RM samples. Because acidolysis is one of the most important mechanism in heterotrophic bioleaching [11], the strain named RM-B07, having the maximum acids production during the cultivation in the presence of RM, was chosen as the bioleaching functional strain.



The colony morphology of strain RM-B07 were yellowish-brown, semitransparent, slabby, and circular with smooth edge. The physiological test results of strain RM-B07 were shown in Table 1. Because one genus usually shows morphologic variation in different living conditions and growing stages [18], the homology analysis of 16S rRNA of strain RM-B07 was deployed. The nucleotide sequencing data were submitted to the GenBank nucleotide sequence database and the accession number was JF909351. Figure 1 showed the phylogenetic relationships of the 16S rRNA gene sequences of strain RM-B07 with related sequences in GenBank database. These results revealed that strain RM-B07 was belong to Acetobacter sp.



Bacteria of the genus Acetobacter is widely used for vinegar brewing in industry due to its acidic excretion. A former study reported that Acetobacteraceae was one major ingredient of bacterial communities during the natural restoration of RM impoundment sites through 454 FLX pyrosequencing tests [19]. This conclusion was reconfirmed by this research in another RM impoundment through directly isolating method. Therefore, it can be inferred that Acetobacter plays an important role in reducing the alkalinity of RM in natural environment.




3.2. Variation of Baterial Cells and pH Value during Three Different Bioleaching Processes


The pH value and growth kinetics of strain Acetobacter sp. in the absence of RM were studied first (Figure 2a). The number of living bacterial cells increased rapidly to the maximum within four days. With the accumulation of toxic secondary metabolite and the depletion of nutrition in the medium, the number of living bacterial cells decreased in the rest time of incubation period. Taking into consideration the pH value and the number of living cells, after two days of incubation RM particles were added into culture medium under two-step process, as well as six days of incubation the cell-free medium was obtained to perform spent medium process.



Under one-step process at 2% pulp density (Figure 2a), the proliferation speed of bacterial cells was almost the same as that in the absence of RM, which indicated that Acetobacter sp. was well-adapted to alkaline and saline environment. However, in the last period of leaching process, the number of living cells decreased more rapidly comparing to that in the absence of RM. It was possibly because that Acetobacter sp. needed the limited nutrients in culture medium to keep living rather than to reproduction under extreme environmental stress generated from RM.



In view of bacterial growth and acids output, a two-step process is not superior to a one-step process (Figure 2b). It was supposed to have a shorter lag phase of bacterial growth in two-step process because the strain was already in exponential phase when RM addition, just like the fungi showed in our previous study [12]. However, an obvious lag phase was observed in the beginning of two-step process at all RM pulp densities in this research.



Under spent medium process (Figure 2c), the pH value increased slowly throughout the whole process. The previous study demonstrated that long-term ANC of alkaline minerals (e.g., calcite, tricalcium-aluminate, and sodium-aluminum-silicate) in RM was kinetically limited and needed more than 50 days to reach acid–base equilibrium [20].



The pH value at the end of spent medium process was higher than that in both one- and two-step process at all RM pulp densities, indicating the lowest acids output of strain Acetobacter sp. in spent medium process. The original purpose of employing spent medium process is to avoid the direct contact between leaching materials and microbial cells then protect the cells away from mineral toxicity. However, a directly contact between living cells and RM particles seems to be indispensable for the purpose of increasing acids production of Acetobacter sp. The previous study proved that microorganisms were prone to live on mineral surface to form a microenvironment, which can alleviate the environmental stress and increase the metabolic activity through stress response from cytomembrane stimulation [21]. Another study also reported that physical contact with aluminosilicate mineral is necessary for bacterium Rhodotorula rubra to leach Al and Li [22]. Therefore, a moderate contact with RM particles is recommended for designing a practical engineering bioleaching procedure using Acetobacter sp. as the leaching strain.



The survivability of leaching strains in the presence of leaching materials is an important factor determining the bioleaching efficiency. The highest RM pulp density in leaching system could reach up to 10% for both Aspergillus and Penicillium [3,10,11,12]. In this study, Acetobacter sp. showed the equivalent tolerability to high RM pulp density as fungi did. Moreover, the lag phase of Acetobacter sp. was shorter than that of Aspergillus or Penicillium by 20–60% when the strain was contacted with RM, especially at high RM pulp densities.



The biomass weight is also an important parameter determining the processing costs of bioleaching. The biomass weight of Acetobacter sp. was 0.971 and 0.944 mg/mL respectively in one-and two-step process at 5% RM pulp density after 10 days bioleaching. Under the similar leaching condition, the biomass of Aspergillus and Penicillium was about 22.0 to 25.0 mg/mL [3,11], which was over 22.5 times higher than that of Acetobacter sp. This reveals that Acetobacter sp. utilizes less energy for anabolism in leaching system. Thus, the bacterial cell-RM mixture, the byproduct of bioleaching process, is easier to dispose comparing to fungi.




3.3. Bioleaching Perfomance of Metal Elements under Different Bioleaching Processes


The content ratio of Al, Fe, Ti, and Ca was 3.27%, 8.42%, 4.14%, and 11.85% respectively. The content of U, Th was 59 and 201 mg/kg respectively. The content of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu was 416, 842, 95, 341, 64, 110, 56, 184, 48, 25, 28, 14, 28, and 14 mg/kg respectively. The content ratio of Al is lower, but Ca and Fe is higher comparing to most other RM in general [23]. This is due to the low-grade bauxite used in the alumina metallurgical refinery. The total content of rare earth elements (REEs) is over 0.26%. Considering that some uranium ores with 0.3% REEs are recovered economically in USA [24], the REEs in RMs are worth leaching and recovering. The content of Th and U is in the normal range comparing to other RMs [23,25].



The leaching ratios of major elements, REEs and radioacitive elements under one-step, two-step and spent medium process are presented respectively in Figure 3. The data of leaching ratios of distilled water and fresh medium without bateria were not present owing to the negligible leaching.



Strain Acetobacter sp. exhibited a high metal leaching performance of RM. The leaching ratios of Al, Lu, Y, Sc, and Th was 55%, 53%, 61%, 52%, and 53% respectively under one-step process at 2% pulp density. The leaching ratio of Al was the highest and Fe was the lowest in major elements of RM. This was conducive for recovering Al since the Al/Fe in the leachate was high.



At 2% of RM pulp density, the leaching performance of one- and two-step process were almost the same, and they were higher than that of spent medium process. Leaching ratios under all the bioleaching processes decreased with increase of RM pulp density. However, the decreasing degree of leaching ratios was different. The decreasing degree was the least in one-step process, but the highest in spent medium process. Therefore, the one-step process had the best leaching efficiency at high RM pulp density.



There is always a confusion in bioleaching studies about which process has the best leaching efficiency of metals. Some studies proposed one-step process [3,11,26], some proposed two-step process [27,28,29], and other recommended spent medium process [12,30,31,32]. The essential difference among these three bioleaching processes is whether or when the direct physical contact between microbial cells and leaching materials occur. When the physical contact occurs, if the positive effects, e.g., physical destruction of leaching material from cellular growth, increase of microbial metabolite by stress stimulation and lower pH value in microenvironment upon mineral-cells contact area, are more obvious than the negative effects such as biological toxicity exerted by leaching material, one-step process is preferable. Conversely, spent medium process is recommended. If the positive and negative effect are almost the same, two-step process is preferable. In view of our results as well as the previous studies, it can be reasonably concluded that the leaching strain showing good performance in one-step process is probably the one isolated from the leaching materials or experienced long-time acclimatization with leaching materials. Therefore, it is desirable to isolate functional strains directly from leaching materials for the purpose of improving one-step leaching efficiency.



The economic efficiency is the most important factor restricting the application of heterotrophic microorganism in bioleaching on an industrial scale [8]. The simplest and also cost-optimal engineered way of bioleaching is in-situ heap or dump leaching [7,33]. However, two-step and spent medium processes are difficult to implement in in-situ heap or dump leaching because they need independent bioreactors to culture the microbial cells or acid lixiviant, which results in two different systems operating for the microbial growth and RM leaching respectively. In comparison, a one-step process is easier for up-scaling in in-situ heap or dump leaching. In conclusion, in view of the good leaching efficiency of Acetobacter sp. under direct contact with RM in one-step process, as well as the small production of biomass and lower risk of contaminating environment comparing to fungi, Acetobacter sp. has a great potential in in-situ heap or dump leaching.




3.4. Radioactivity of RM after Bioleaching


The application of RM in building materials such as cement and brick, is usually limited by RM radioactivity [34]. Thus, it is pragmatic to evaluate the decrease of RM radioactivity after bioleaching of Acetobacter sp.



If the activity concentration index (I) of material exceeds 1.0, it is strictly forbidden to use the RM as materials for cement or brick manufacturing. Activity concentration index can be calculated by the Equation (1) based on the limits for radionuclides in building materials code GB 6566-2010 issued by AQSIQ of China [35], or by Equation (2) based on the radiation protection code issued by European Commission [36] as


I = CRa/370 + CTh/260 +CK/4200



(1)






I = CRa/300 + CTh/200 + CK/3000



(2)







The concentration of radionuclides 226Ra, 232Th, and 40K in the raw and bioleached RM residue, as well as the corresponding activity concentration index were showed in Table 2. The activity concentration index of raw RM exceeded the safety limit value of 1.0 based on regulation of both China and Europe. It means that the raw RM collected in our study is forbidden to be used directly as building materials unless value of I decreases to lower than 1.0. After leaching treatment by Acetobacter sp. under one- and two-step process at 2% pulp density, the value of I was below 1.0 according to the radioactivity standard of China. However, the I value cannot meet the safety limit value under all processes according to the radioactivity standard of Europe. Even so, it can be concluded that bioleached RM can be added into construction materials after treatment by Acetobacter sp. with higher ratio compared to raw RM.




3.5. Organic Acids Secretion of Acetobacter sp.


The organic acids secreted by leaching strains are deemed as the foremost factor determining the bioleaching efficiency: (i) the protons and the oxygen combining with water and the metal ions will be detached from the protonated surface of leaching material through acidolysis; (ii) the organic acids chelate the metal ions in solution and facilitate the metal dissolution through complexolysis; (iii) the metal toxicity to leaching strains decreases through complexation [8,33]. Thus, the organic acids production of Acetobacter sp. were tested (Figure 4).



Under spent medium process without RM, strain Acetobacter sp. mainly secreted acetic, fumaric and succinic acid, as well as slightly secreted oxalic, citric, tartaric, malic and lactic acid. Under one- and two-step processes, the amount of acetic, oxalic and malic acid increased, contrarily the lactic and succinic acid decreased with the increase of RM pulp density from 2% to 10%.



Moreover, the total amount of acids production increased with the increase of RM pulp density. The microorganisms usually have a strong desire to remold the living environment into their comfort zone, resulting in a dramatic change of external environmental factors such as alkalinity [9,37]. Previous study reported that in the presence of Al, the amount of oxalid acid in cells of Pseudomonas fluorescens was eight-fold to that in the control cells [38]. There is possibly a similar mechanism for Acetobacter sp. in view of high concentration of Al in RM. The simultaneous increase of acetic and oxalic acids in one- and two-step process indicated that the activity of oxaloacetase (can hydrolyze oxaloacetate to oxalate and acetate) in the cells of Acetobacter sp. was enhanced with an increase of RM concentration [39]. In a word, it is conducive to improve the bioleaching efficiency of strain Acetobacter sp. at high RM pulp density.




3.6. Change of Mineral Composition during Bioleaching of RM by Acetobacter sp.


The X-ray diffraction (XRD) analysis of raw as well as bioleached RM (after one-step process at 2% pulp density) was deployed (Figure 5). The XRD peaks indicate that the main mineral components of raw RM is boehmite (AlOOH), calcite (CaCO3), gibbsite (Al(OH)3), goethite (FeOOH), hematite (Fe2O3), perovskite (CaTiO3), and sodalite (Na4Al3Si3O12Cl), which coincides with the major elemental composition of RM analyzed by total digestion.



The content of calcite, hematite and gibbsite decreased in bioleached RM, indicating these minerals were corroded easily by Acetobacter sp. This is in accordance with the results that Ca, Fe, and Al were leached efficiently from RM (Section 3.3). However, perovskite was difficult to be corroded by Acetobacter sp. since the relative content in bioleached RM increased. It is noteworthy that a new mineral—weddellite appeared in RM after bioleaching. This is probably due to the precipitation reaction between Ca2+ dissolved from RM and oxalic acid generated by bacterial metabolism.




3.7. Micromorphology of RM Particles and Acetobacter sp.


For probing the interaction between Acetobacter sp. and RM particles, the micromorphology was observed by scanning electron microscope (SEM) (Figure 6). The raw RM comprised various sizes of particles normally ranging from 0.05 to over 50 μm with rough surface and poor crystalline structure. The particles bonded together to form large fluffy aggregates (Figure 6a). The cell size of Acetobacter sp. ranged from 1.0 to 4.0 μm, and a depression appeared in the middle of the oval cell surface (Figure 6b).



Under bioleaching process, more smaller RM particles appeared due to the acidifying erosion by bacterial metabolites and respiration (Figure 6c,d). The cells of Acetobacter sp., adhered by small RM particles aggregated together and then adhered to large RM particles. The formation of cellular aggregates is probably a strategy for bacteria to withstand the multiple stress from RM toxicity. A mass of cells embedded into the crack and lacuna of RM formed by biochemical erosion of bacterial metabolism and biophysical destruction of cellular growth. This can enlarge the contact area between cells and RM minerals and provide more reactive sites. The previous study demonstrated that the cellular dissolution by fungus can account for 40–50% of the overall bio-weathering of minerals [40]. According to our SEM analysis, bacterial cells of Acetobacter sp. also play an important role in weathering and dissolution of RM particles.



It was intriguing that a new crystal appeared in the bioleached RM through recrystallization (Figure 6e). It was most likely the weddellite based on the analysis of energy dispersive spectrum (EDS). However, the bio-recrystallisation was not observed during the RM bioleaching by using A. niger and P. tricolor in our previous studies [3,41]. Maybe this is a unique feature of Acetobacter sp. for RM leaching.





4. Conclusions


This work indicated that major elements, REEs and radioactive elements in RM were effectively leached by Acetobater sp. The RM can be directly used as construction materials after bioleaching at low pulp density based on radioactivity regulations in China. The mineral composition of RM changed obviously, and a new crystal of weddellite was observed after bioleaching by Acetobater sp. It was suitable for Acetobater sp. to bioleaching RM at high pulp densities, because the total amount of organic acids excreted by Acetobater sp. increased with an increase of RM concentration. In view of the desirable leaching efficiency under direct contact with RM, as well as shorter lag phase, smaller biomass and lower risk of contaminating environment comparing to fungi, strain Acetobacter sp. have a potential in in-situ heap or dump bioleaching of RM.
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Figure 1. Neighbor-joining phylogenetic tree showing the phylogenetic relationships of the 16S rRNA gene sequences of strain RM-B07 with those related sequences available in GenBank database. Scale 0.02 represents the distance of evolution. Bootstrap replications of 1000 were used. 
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Figure 2. Variation of the number of living cells (solid line) and pH value (dashed line) under (a) one-step process, (b) two-step process, and (c) spent medium process at 2%, 5%, and 10% RM pulp desities. (N on the left y-axis refers to total number of living cells). 
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Figure 3. Leaching efficiencies of major elements, REEs and radioactive elements at different RM pulp densities under (a) one-step process, (b) two-step process, and (c) spent medium process. 
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Figure 4. Production of organic acids by Acetobacter sp. under different RM pulp densities and leaching processes. 
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Figure 5. XRD analysis of raw and bioleached RM. 
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Figure 6. SEM images of (a) raw RM, (b) Acetobacter sp., (c) cells of Acetobacter sp. adhering to RM under one-step process, (d) bacterial cells and RM aggregates, and (e) recrystallization during bacterial bioleaching. 
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Table 1. Physiological characteristics of strain RM-B07.
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Biochemical Test






	
Anaerobic growth

	
−

	
Catalase

	
+




	
Mobility

	
−

	
Oxidase

	
−




	
Gram staining

	
−

	
H2S production

	
−




	
Glucose glycolysis

	
+

	
MR test

	
+




	
Sucrose glycolysis

	
+

	
VP test

	
+




	
Lactose glycolysis

	
+

	
Indole

	
−




	
Amylum hydrolysis

	
−

	
brown pigment

	
−




	
Mannitol utilization

	
+ (w)

	
urease

	
−




	
Glycerinum utilization

	
+

	
Cellulase

	
+








+, positive; −, negative; + (w) weakly positive.
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