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Abstract

:

Bacterial isolates assigned to the species Alicyclobacillus tolerans, which occupies an intermediate position between an organotrophic genus Alicyclobacillus and mixotrophic genus Sulfobacillus, were revealed as members of the acidophilic chemolithotrophic community during stirred-tank bioleaching of violarite–pentlandite–chalcopyrite concentrate at 40 °C. Surprisingly, this species succeeded more common iron-oxidizing community members after a series of bioleaching processes in bioreactors. The possibility of mixotrophic and organoheterotrophic growth of Al. tolerans, tolerance to low pH values (1.0–1.15), as well as preservation of cells via sporulation under unfavorable conditions, may explain its key role in the bioleaching of the copper–nickel bulk concentrate. Isolation of two other sulfur-oxidizing pure cultures dominating the microbial community, together with their phylogenetic characterization, allowed the assignment of these isolates to the species Acidithiobacillus caldus. This and other studies of acidophilic microbial communities are important for the development and intensification of the bioleaching processes, including a biobeneficiation approach previously proposed by us.
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1. Introduction


Biohydrometallurgy is one of the most promising fields of the modern mining industry. For decades, different bio-approaches have been proposed and successfully applied at the laboratory and industrial scale [1]. Among these approaches, biotreatment of sulfide raw materials containing precious and nonferrous metals is widely applied. It is based on the activity of acidophilic microbial communities oxidizing iron and sulfur components and contributing to the dissolution of valuable metals or their selective accumulation in solids [2,3,4]. Biooxidation/bioleaching of sulfide ores, concentrates, and industrial wastes can be carried out by environmentally sound and cost-effective technologies that are based on chemical and biological principles [1,5,6,7].



In particular, bioleaching has been shown to be a promising method for processing bulk concentrates of nonferrous metals to obtain selective concentrates [4,8,9]. Bioleaching techniques may allow the obtainment of marketable high-grade products [4,9], contributing to the resource-efficient management of raw materials. Leaching the violarite–pentlandite–chalcopyrite concentrates is determined by the properties of refractory and readily oxidized minerals composing them. While nickel is gradually leached from pentlandite and violarite, chalcopyrite is very stable in ferric sulfate solutions [10]. During bioleaching of copper–nickel concentrates, elemental sulfur and ferrous iron are formed among the reaction products of the oxidation of chalcopyrite (CuFeS2), pentlandite ((Ni,Fe)9S8), and violarite (FeNi2S4). Further, S0 and Fe2+ are oxidized by acidophilic microorganisms to sulfate and ferric iron as final products, respectively [11,12]. The use of these patterns allows the production of selective high-grade copper concentrates, with very low nickel content. Acidophilic communities analyzed during the processing of nickel-containing concentrates at commercial or pilot plants were composed of chemolithotrophic microorganisms [13]. Members of the communities belonged to several functional and phylogenetic microbial groups. The structure of microbial communities depended on the composition of the processed material and conditions of the process, such as temperature, aeration, pH, the ratio of sulfide minerals, and other factors. For instance, during the processing of the nickel-containing concentrate at 49 °C, Acidithiobacillus (At.) caldus (63%), Acidimicrobium sp. (32%), and Sulfobacillus (S.) sp. (4%) prevailed, while at 55 °C, Sulfobacillus sp. became the predominant member of the community (93%), and the shares of At. caldus and Acidimicrobium sp. decreased to 5% and 2%, respectively [13]. During thermophilic bioleaching of a low-grade nickel-copper concentrate at 65, 70, 72, 73, 74, and 75 °C, thermophilic sulfur-oxidizing archaea of the genera Sulfolobus and Metallosphaera dominated the process. At the same time, another archaeon, Metallosphaera sp., was a minor component of the bioleaching community [14].



In our previous studies, bioleaching of the violarite–pentlandite–chalcopyrite concentrates at different temperatures (30, 35, 40, and 50 °C) indicated that nickel was almost completely removed at 40 °C. Thus, a high-grade copper concentrate containing 15.6% copper and only 0.54% nickel was obtained after 22 days of bioleaching [4]. Based on the 16S rRNA gene metabarcoding analysis, the microbial communities were dominated by bacteria of the genera Leptospirillum (L.) and Acidithiobacillus at the beginning of the process; Sulfobacillus spp. and archaea of the genera Cuniculiplasma and Ferroplasma (F.) were minor components. At the end of the process, communities formed at 35 and 40 °C included Acidithiobacillus spp., Sulfobacillus spp., and Alicyclobacillus (Al.) spp. [4]. The genus Alicyclobacillus belongs to the family Alicyclobacillaceae and consists of Gram-positive or Gram-variable aerobic, heterotrophic/mixotrophic, thermophilic or moderately thermophilic, acidophilic, spore-forming rods, including several iron- and sulfur-oxidizing species [15,16]. The fact that representatives of Alicyclobacillus turned out to be among prevailing microorganisms in the bioleaching microbial communities attracted our attention. To our knowledge, no studies have reported any significant contribution of these bacteria to the treatment of nickel-containing raw materials, although we have previously identified Alicyclobacillus spp. in the structure of acidophilic bioleaching communities [4,9].



Therefore, in this research, we aimed to isolate pure cultures of prevailing sulfur- and iron-oxidizing microorganisms (including Alicyclobacillus strains) from the microbial community formed by the end of the copper–nickel concentrate bioleaching at 40 °C, to identify the exact phylogenetic position of the isolates, as well as to determine their role in the concentrate bioleaching. Since the results obtained in this study concern microorganisms involved in the biotreatment of violarite–pentlandite–chalcopyrite concentrates, they can be used for the development of industrial approaches to processing sulfide raw materials.




2. Materials and Methods


2.1. Substrate and Conditions for Bioleaching in Bioreactor


This study was carried out with the bulk sulfidic concentrate obtained by froth flotation of the copper–nickel sulfide ore (Kamchatka territory, Russia). The mineral composition of the concentrate was as follows: pyrrhotite, pyrite, chalcopyrite, pentlandite, and violarite. Quartz, chabazite, jarosite, plagioclase, chlorite, and albite were gangue minerals. Table 1 shows the contents of the main elements and sulfide minerals in this copper–nickel concentrate. The particle size of the concentrate was d80 < 44 µm.



Biobeneficiation (via bioleaching) of the concentrate in a 2.0 L bioreactor, with a working volume of 1.0 L, was carried out for 22 days at 40 °C. The solid sample of the concentrate of the aforementioned composition (10 g, 1%(w/v) pulp density) was added to 1.0 L of the inoculum containing 8.0 × 108 cells/mL (see Section 2.2). The initial pH value was adjusted to 1.15. The experiment was carried out while stirring (500 rpm) with an overhead 8-blade Rushton turbine impeller with intense aeration (4 v/(v·min)).




2.2. Microbial Community Used as Inoculum for Bioleaching


An acidophilic microbial consortium was formed for subsequent bioleaching experiments. The members of the consortium were obtained from the stirred-tank bioprocessing of zinc-containing wastes [17], as well as copper–zinc and copper–nickel concentrates [4,9]. Mixed and pure cultures of chemolithotrophic mixotrophs, autotrophs, and heterotrophs were also added to the consortium. Iron- and sulfur-oxidizing species composing the original consortium were as follows: S. thermosulfidooxidans, S. thermotolerans, At. ferrooxidans, At. caldus, At. thiooxidans, L. ferriphilum, F. acidiphilum, Cuniculiplasma sp., Acidiplasma (Ad.) sp., Acidibacillus sp., Ferrimicrobium sp., Alicyclobacillus spp., and Acidiphilium multivorum. This original community, rich in different microbial cultures, was subsequently grown in a flask containing 0.9 L of the culture medium at 40 °C to obtain inoculum for the tests in bioreactors. The culture medium contained the reduced salt base of the 9K medium [18] of the following composition (g/L): (NH4)2SO4, 0.75; KCl, 0.025; K2HPO4·3H2O, 0.125; MgSO4·7H2O, 0.125; Ca(NO3)2·4H2O, 0.0025; FeSO4·7H2O, 30.0; S0, 10.0; and yeast extract, 0.1. The microbial consortium of the abovementioned structure (0.1 L) was added to 0.9 L of the culture medium, pH was adjusted to 1.6 (using 5 M H2SO4), and the flask was incubated for 48 h at 40 °C in a Redline RI53 thermostat (Binder, Germany). For aeration, the air was supplied at a flow rate of 1 v/(v·min). At the end of cultivation, the obtained solution had a pH value of 1.3 and contained 8.0 × 108 cells/mL and Fe3+ (5.0 g/L). Unoxidized elemental sulfur was separated from the solution by filtration on paper filter. The solution was used for subsequent stirred-tank bioleaching tests.




2.3. Isolation and Characterization of Predominant Microorganisms during Bioleaching


To determine microorganisms dominating the acidophilic community formed after 22 days of biobeneficiation of the bulk violarite–pentlandite–chalcopyrite concentrate at 40 °C, the following research was carried out. To obtain the community formed by the end of bioleaching, the suspension was centrifuged to precipitate solids (100× g, 2 min), and the obtained supernatant was used for subsequent inoculation of the liquid media selective for iron and sulfur oxidizers.



Pure cultures of the predominant sulfur- and iron-oxidizing strains were isolated by serial tenfold dilutions (10−1–10−10) in the selective media containing the reduced salt base of the 9K medium of the composition shown in Section 2.2 and ferrous iron (50 mM Fe2+; pH 1.7) or elemental sulfur (1%, w/v; pH 2.2), with or without yeast extract (0.02%, w/v). The amount of inoculum was 10% (v/v). The strains were cultured in 250 mL Erlenmeyer flasks (100 mL of the liquid medium) on Unimax-1010 rotor shakers (Heidolph Instruments, Schwabach, Germany; 180× rpm) in Inkubator-1000 thermostats (Heidolph Instruments, Schwabach, Germany) at 40 °C.



To determine the characteristics of the growth of the isolated Alicyclobacillus strain and substrate oxidation, the bacterium was cultivated in flasks in the medium containing Fe2+ (75 mM) or S0 (1%, w/v) in the presence or absence of yeast extract (0.02%, w/v) (see initial pH values and salt base composition of the medium in Section 2.2). Yeast extract (0.04%) was used to test the growth of the strain AMF (pH 2.2) under obligately heterotrophic conditions.



Two series of experiments in each variant of the bacterial growth included three parallels (flasks) and two replicates for measured parameters. Statistical processing was performed using Microsoft Excel 2013. The standard deviation (SD) of the arithmetic mean was calculated, and the significance of the results was assessed using the Student’s t-test at the significance level p ≤ 0.05.




2.4. Taxonomic Research and Phylogenetic Analysis


Cells that grew in the last dilution were visually checked for purity of the culture using light microscopy, and reinoculated in flasks containing fresh media. Late-exponential cells were collected by centrifugation (8000× g, 20 min, 4 °C) and sequentially washed with the iron-free 9K medium salt base (pH 1.7) for subsequent determination of the phylogenetic position of the strains. The extraction and purification of DNA were carried out using the DNAEKSPRESS kit (NPF Litekh, Russia) according to the manufacturer’s recommendations. The concentrations of the DNA preparations were 30–50 µg/mL. PCR amplification of the 16S rRNA gene fragment with standard primers for the bacterial 16S rRNA gene fragment, amplicon purification and subsequent sequencing, as well as phylogenetic identification of the pure microbial cultures, were carried out as previously described [17,19]. To identify microorganisms at the species level, analysis of the similarity of nucleotide sequences of the 16S rRNA gene fragments was carried out using the Nucleotide Basic Local Alignment Search Tool (BLAST; Bethesda, MD, USA, https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 25 January 2022). The 16S rRNA gene sequences of Acidithiobacillus and Alicyclobacillus strains were deposited in the GenBank databases under accession numbers OM407403 and OM407404.



The phylogenetic tree was constructed with the MEGA 11 (version 11.0.10) software package [20] using the sequences of the type strains and some other isolates identified as the closest Alicyclobacillus strains with the BlastN algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 27 January 2022). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches [21]. The evolutionary history was inferred using the Neighbor-Joining method [22]. The evolutionary distances were computed using the Maximum Composite Likelihood method [23] and were in the units of the number of base substitutions per site.




2.5. Analytical Methods


The number of cells in 1 mL was determined by tenfold dilutions and subsequent direct counting in the Goryaev chamber using a Mikmed-2 microscope equipped with a phase-contrast device (LOMO, Moscow, Russia). The cell morphology was also observed using light microscopy. The values of the pH and redox potential were measured with a pH-150MI pH meter–millivoltmeter (Izmeritelnaya tekhnika, Moscow, Russia). The concentration of the Fe3+ ions in the liquid phase was determined by complexometric titration [24]. The same method was used to determine the total concentration of iron after the reaction with ammonium peroxydisulfate. The concentration of ferrous iron ions was calculated as the difference between the total and ferric iron. Flame atomic absorption spectroscopy (FAAS) (Perkin Elmer 3100, PerkinElmer, Waltham, MA, USA) was used to determine the concentrations of copper and nickel. All experiments were carried out in duplicate. Statistical processing was performed using Microsoft Excel 2013. The standard deviation (SD) of the arithmetic mean was calculated, and the significance of the results was assessed using Student’s t-test at the significance level p ≤ 0.1.





3. Results and Discussion


3.1. Parameters of Liquid Phase of Pulp during Bioleaching


Characteristics of the liquid phase of the pulp during the bioleaching (biobeneficiation) of the violarite–pentlandite–chalcopyrite concentrate at 40 °C are shown in Figure 1 and Table 2. Ferrous iron ions were determined in the liquid phase only in the first two days of the process. This could be associated with the fast chemical dissolution of pyrrhotite. The presence of all iron in the oxidized form after four days of the process indicated the immediate and complete oxidation of ferrous iron released from sulfide minerals by acidophilic microorganisms. Simultaneously, part of ferric iron was precipitated in the form of jarosite, as previously described [4]. The nickel and copper concentration increased gradually for 19 days. We have previously shown that nickel sulfides are dissolved relatively slowly (for more than 21 days) [4]. At the end of the process in this research, concentrations of dissolved nickel and copper reached 11.9 and 1.33 mM, respectively. During the experiment, the pH values of the liquid phase remained almost unchanged in the range of 1.10–1.20. The redox potential value decreased at the beginning of the process from 910 to 780 mV due to the consumption of ferric iron for the oxidation of sulfide minerals. After four days of the process, the redox potential value increased and stabilized at the level of 930–943 mV. According to the metabarcoding analysis (V3–V4 hypervariable region of the 16S rRNA gene) carried out in our previous research [4], the microbial community formed at the end of the process at 40 °C was phylogenetically diverse, containing members of the following genera: Acidithiobacillus, Sulfobacillus, Alicyclobacillus, Leptospirillum, Acidibacillus, and Cuniculiplasma. We have previously suggested that the crucial role in bioleaching of the copper–nickel concentrates belongs to Sulfobacillus spp. and Alicyclobacillus spp. since they have been identified in all communities formed at moderate and higher temperatures of the process (35, 40, and 50 °C). In this study, we aimed to determine the predominant sulfur and iron oxidizers in the community formed at 40 °C and to determine the role of Alicyclobacillus sp. Previously, 40 °C has been shown to be an optimum temperature for the biobeneficiation of copper–nickel concentrates [4,9]. Therefore, our present study concerned this temperature mode.




3.2. Isolation and Identification of Strains Dominating Bioleaching Microbial Community


To determine microorganisms dominating the microbial community at the end of the bioleaching process, pure cultures of iron and sulfur oxidizers were isolated under autotrophic and mixotrophic conditions by a method of tenfold serial dilutions. Four selective nutrient media were used. Two media contained ferrous iron (50 mM) or elemental sulfur (1% (w/v)) (autotrophic conditions), while two other media were supplemented with yeast extract (0.02%) in addition to inorganic energy substrates (mixotrophic growth). The growth of microbial isolates was shown until the 10−8 dilution in the presence of ferrous iron and 10−9 dilution in the media containing S0. These results indicated that the abundance of the predominant strains in the liquid phase of the pulp in the bioreactor reached 108–109 cells/mL.



The similarity of the nucleotide sequences of the 16S rRNA gene fragments of two pure cultures isolated from the auto- and mixotrophic media containing S0 was 100%. These cultures were designated AMS-3 and AMS-4 and showed the closest similarity (99.2% similarity; 100% coverage) to At. caldus strains, including strains MP3 and MP4. These strains have been previously isolated by us from the process of complete biological oxidation of the product of ferric leaching of the zinc concentrate, which contained 9% of sphalerite, 5% of chalcopyrite, and 29.7% of elemental sulfur [17]. The pure cultures AMS-3 and AMS-4 were considered the same strain (designated AMS) that could actively grow in the medium containing sulfur in the presence or absence of organic substances. The partial nucleotide sequence of the 16S rRNA gene (1267 bp) of the strain AMS was deposited in the GenBank databases under accession number OM407403.



While the prevalence of the sulfur oxidizer At. caldus in the bioleaching of copper–nickel and zinc-containing raw materials has been repeatedly shown, the predominant iron oxidizers in microbial communities are usually Ferroplasma spp. and Leptospirillum spp., although their numbers tend to decrease at the end of the process if the availability of ferrous iron is low [2,4,9,13]. Bacteria Sulfobacillus spp. that are capable of both sulfur and iron oxidation in the presence of small amounts of organic substances are also often detected as predominant cultures in such processes [13,25]. At the end of the bioleaching of the copper–nickel concentrate, the microbial communities were represented by the species S. thermosulfidooxidans at 40 and 50 °C, while S. thermotolerans was determined at 35, 40, and 50 °C.



Growth in the media containing ferrous iron in the presence or absence of yeast extract allowed the obtainment of two pure cultures of rods, which were designated AMF-1 and AMF-2. Nucleotide sequences of their 16S rRNA genes showed 100% similarity. Therefore, these cultures were regarded as the same strain designated AMF, and the nucleotide sequence of the 16S rRNA gene (1414 bp) of this strain was deposited in the GenBank databases under accession number OM407404.



The closest phylogenetic relatives of the isolates AMF-1 and AMF-2 belonged to the species Al. tolerans, with the closest similarity to the strain PCG-3 (99.65% similarity; 99% coverage). Thus, unexpectedly, Al. tolerans AMF proved to be a predominant iron oxidizer in the microbial community during bioleaching of the violarite–pentlandite–chalcopyrite concentrate. At the same time, the strain Al. tolerans PCG-3 was isolated as a member of the indigenous microbial community from the sample of the pyrite–arsenopyrite gold-bearing flotation concentrate at 45–47 °C. The strain PCG-3 was a minor component of the microbial community and was physiologically similar to the type strain Al. tolerans K1T [19].



Based on the partial 16S rRNA gene sequences of the pure culture of Al. tolerans AMF obtained by Sanger sequencing and the 16S rRNA gene sequences of other Alicyclobacillus spp. available in the GenBank databases, a phylogenetic tree was constructed (Figure 2). The analyzed 16S rRNA gene sequence clustered in the same subgroup with other Al. tolerans strains, including the strain PCG-3 and the type strain K1.




3.3. Characterization of Al. tolerans AMF Growth and Substrate Oxidation


Specific characteristics of growth and substrate oxidation of the strain Al. tolerans AMF are summarized in Table 3. The strain AMF was compared to the type strain K1, which is known by the limited requirements for Fe2+, S−/S0, or sulfide minerals as electron donors under mixotrophic growth conditions. In general, Al. tolerans has been shown to occupy an intermediate position between the organotrophic genus Alicyclobacillus and mixotrophic genus Sulfobacillus [26].



Under mixotrophic conditions, the pure culture of the strain AMF isolated from the pulp of the reactor actively oxidized ferrous iron: 60 mM Fe3+ after three days of cultivation, reaching the maximum cell abundance of 2.7 × 108 cells/mL after 20 h of growth. Therefore, the strain was capable of only incomplete oxidation of iron (15 mM Fe2+ remained unoxidized). The strain was also able to grow chemolithoautotrophically in the medium containing ferrous iron during two culture transfers (0.5–0.8 × 108 cells/mL after 48 h of growth), without additional organic substrates, showing weak oxidation of iron (10–15 mM of Fe3+). It is noteworthy that the strain was previously detected in the communities bioleaching copper–nickel concentrates within a wide temperature range of 35–50 °C. Moreover, in contrast to the type strain K1, the lower pH limit of which is 1.5, the strain AMF was resistant to very low pH values and predominated in the community when the pH of the aqueous phase of the pulp was 1.0.



However, although the bacterial isolate was identified as a predominant iron oxidizer in the community, it also showed active and stable growth (maximum cell yield, 2.6 × 108 cells/mL after 24 h of growth) under heterotrophic conditions in the medium containing only organic compounds (0.04% yeast extract). Within subsequent five days of cultivation, active growth of the strain gradually turned to sporulation. The spores were oval endospores located terminally or subterminally within cells.



Under autotrophic conditions, no considerable growth in the medium containing elemental sulfur was shown. In the medium containing S0 and yeast extract, the growth occurred due to the consumption of organic substrates (no decrease in the pH of the liquid medium was recorded, which is evident of no sulfur oxidation to sulfuric acid). Light microscopy allowed the determination of forespores after one day of cultivation and subsequent formation of endospores: up to 80% of the cell population after six days of culturing. The phylogenetically close strain Al. tolerans PCG-3 also grew well in the media with different organic compounds and was capable of weak oxidation of both sulfur and iron in the 9K medium containing yeast extract [19].



Thus, ferrous iron oxidation, heterotrophic growth, low pH values and wide range of temperatures for growth, as well as the ability of the strain AMF to sporulate during prolonged cultivation, could be important characteristics that might help it to become an active and predominant member of the microbial community during bioleaching of the violarite–pentlandite–chalcopyrite concentrate.




3.4. Succession of Microorganisms during Violarite–Pentlandite–Chalcopyrite Concentrate Bioleaching and Role of Al. tolerans AMF in Microbial Community


To date, the microbial communities formed during bioleaching of nickel-containing sulfide raw materials have not been widely studied. Few papers have been devoted to this issue [4,9,11,13,14,28]. During the past two years, we have carried out several processes of bioleaching of chalcopyrite–sphalerite and chalcopyrite–violarite–pentlandite concentrates [4,9,17]. Regarding the present research, the proportions of microbial community members in these processes were of interest since these communities were subsequently used as inoculum for bioleaching. Particularly, the proportion of Alicyclobacillus spp. (most probably related to Al. tolerans, according to metabarcoding analysis) was only 0.1–0.4% of the total cell number of the communities [9]. Nevertheless, after this community was used as part of the inoculum for the biobeneficiation process of the copper–nickel concentrate at different temperatures (35, 40, and 50 °C), Al. tolerans has been determined in the communities at all temperatures at the end of the bioleaching. Moreover, at 40 °C, it was shown to be a predominant (~10% of all cells in the community) iron oxidizer (this study). Therefore, more common Sulfobacillus, Ferroplasma/Acidiplasma, and Leptospirillum strains were succeeded by the mixotrophic/organotrophic strain Al. tolerans AMF. Interestingly, Al. tolerans AMF dominated the community, although this strain (as well as the type strain Al. tolerans K1), was characterized by the lowest rate of iron oxidation in comparison with other thermotolerant and moderately thermophilic iron oxidizers that most commonly prevailed in bioleaching processes (Table 4).



The fact that at the end of the biobeneficiation of the chalcopyrite–pentlandite–violarite concentrate, a heterotrophic microorganism capable of iron oxidation was one of the predominant cultures is possibly associated with the complete oxidation state of iron within the whole process, as well as the lysis of some cells of the community and the presence of organic substances released in the liquid phase of the pulp. Since the crucial role in bioleaching belonged to a mixotrophic/heterotrophic acidophile, this study underlined the underestimated contribution of organoheterotrophic microorganisms. Heterotrophs facilitate the growth of chemolithoautotrophic community members (by eliminating organic compounds toxic to obligate autotrophs) and, therefore, oxidation of the concentrate components by them [17]. We propose that the strain Al. tolerans AMF also adapted readily to nickel in the medium (11.9 mM at the end of the process), in addition to 1.33 mM of dissolved copper, as well as to low pH values, which could also give this strain certain advantages in the microbial communities under these specific conditions. At the same time, the ability of the strain AMF to form endospores is a very important mechanism that allows the strain to be preserved in the community under unfavorable conditions, for instance, when the energy substrates are not available or limited.



Interestingly, the role of the strain PCG-3 in the oxidation of the pyrite–arsenopyrite gold-bearing concentrate can also be the utilization of organic substances released from lysed cells, since it has also been determined at the end of bioleaching (3–5% of the total cell number) [19]. Nevertheless, Al. tolerans PCG-3 has not been isolated as a predominant iron oxidizer, and other microorganisms (S. thermotolerans and two strains of F. acidiphilum) have also been determined in the community at the end of the process [19]. According to another research article, two other species of the genus Alicyclobacillus (Al. ferrooxydans and Al. ferripilum) have been detected as the dominant heterotrophs capable of iron oxidation, which enhanced the efficiency of simultaneous sludge digestion and metal leaching process with respect to sludge stabilization and metal leaching [35]. The frequent occurrence of the Alicyclobacillus 16S rRNA gene sequences, together with the sequences belonging to Acidithiobacillus and Sulfobacillus spp., was reported in the marine shore sulfidic mine tailings dump at the Chañaral Bay in the Atacama Desert, northern Chile [36].





4. Conclusions


Summarizing the results of this research, several important conclusions can be drawn. First, Alicyclobacillus isolates that were present at the end of the process in the bioreactor were assigned to the heterotrophic/mixotrophic species Al. tolerans, and the strain Al. tolerans AMF turned out to be a predominant iron oxidizer in the acidophilic microbial community bioleaching the violarite–pentlandite–chalcopyrite concentrate. Second, this strain succeeded more common iron oxidizers and showed efficient growth under heterotrophic conditions, which underlines its contribution as an organoheterotroph to the process of bioleaching of the copper–nickel concentrate. Third, the participation of Al. tolerans in the process, together with the predominant sulfur-oxidizing At. caldus AMS, made it possible to carry out an efficient biobeneficiation process of the violarite–pentlandite–chalcopyrite concentrate. The characteristics of the strain AMF, such as the adaptation to increased concentrations of nickel and copper in the aqueous phase of the pulp and low pH, ability to use organic substrates and ferrous iron in its metabolism, as well as the formation of spores, could explain the prevalence of the strain AMF under the bioleaching process conditions. Our results underlined the role of mixotrophic/heterotrophic microorganisms in effective bioprocesses. These studies, as well as further research of acidophilic microbial communities, contribute to the development of the field of bioleaching/biobeneficiation of the chalcopyrite–violarite–pentlandite bulk concentrates and copper–nickel raw materials.
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Figure 1. Iron concentration in the liquid phase of the pulp during bioleaching of the concentrate. 
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Figure 2. Dendrogram of Alicyclobacillus strains showing the phylogenetic position of Al. tolerans AMF, according to the 16S rRNA gene sequences. The phylogenetic tree was constructed using MEGA 11 [20]. The evolutionary history was inferred using the Neighbor-Joining method [21]. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches [22]. The bootstrap values of ≥80 are shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood method [23] and are in the units of the number of base substitutions per site. This analysis involved 14 nucleotide sequences. There were a total of 1558 positions in the final dataset. Bacillus subtilis IAM 12118 was used as an outgroup. 
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Table 1. Content of main elements and sulfide minerals (wt%) in bulk copper–nickel concentrate.
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	Cp 1
	Pn 2
	Vo 3
	Py 4
	Po 5
	S
	Fe
	Si
	Cu
	Ni
	Ca





	31
	12
	8
	4
	6
	26.5
	21.8
	18.0
	10.8
	7.2
	0.96







1 Cp, chalcopyrite; 2 Pn, pentlandite; 3 Vo, violarite; 4 Py, pyrite; 5 Po, pyrrhotite.
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Table 2. Parameters of the pulp liquid phase (pulp density, 1 wt%) at the beginning and after 22 days of bioleaching of copper–nickel concentrate in a bioreactor at 40 °C.
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	Parameter
	Day 0
	Day 22





	pH
	1.15
	1.10



	Redox potential (mV)
	910
	930



	Cu, mM
	0
	1.33



	Ni, mM
	0
	11.9



	Cell number, cells/mL
	8.0 × 108
	25.0 × 108
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Table 3. Main characteristics of growth and substrate oxidation of Al. tolerans AMF isolated from a bioreactor during bioleaching of the copper–nickel concentrate in comparison with phenotypic features of Al. tolerans K1T.
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Characteristic

	
AMF

	
K1






	
Source of Isolation

	
Stirred-tank bioleaching of sulfide copper–nickel concentrate

	
Oxidizable lead–zinc ores of the Kurgashinkan deposit (Uzbekistan)




	
Temperature, °C

	
35–50

	
37–42 (temperature optimum)




	
pH

	
1.0–2.2

	
1.5–5.0 (optimum, 2.5–2.7)




	
Morphology

	
Rods

	
Rods




	
Cell size, µm

	
2.5–4.0 × 1.0–1.2

	
3.0–6.0 × 0.9–1.0




	
Motility

	
No

	
No




	
Sporulation

	
Terminal or subterminal, oval endospores

	
Terminal or subterminal, oval, thermally resistant endospores (viable after 30 min heating at 110 °C)




	
Growth with:




	
Fe

	
+ 2 (2 culture transfers)

	
+ (2 culture transfers)




	
Fe + YE 1

	
+

	
+ (optimal)




	
S0

	
– 3

	
+ (2 culture transfers)




	
S0 + YE

	
–

	
+




	
YE

	
+

	
+ (6 culture transfers)




	
References

	
Present study; [4]

	
[26,27]








1 YE, yeast extract. 2+, Growth was shown. 3–, Growth was not shown.
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Table 4. Iron oxidation rate of some thermotolerant and moderately thermophilic acidophiles.
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	Microorganism
	Iron oxidation Rate (mM h−1)
	Reference





	S. thermosulfidooxidans VKM B-1269T
	2.9
	[29]



	S. thermosulfidooxidans VKM B-1269T
	1.91
	[30]



	S. thermotolerans Kr1T
	2.1
	[31]



	S. thermotolerans Kr1T
	2.2
	[29]



	L. ferriphilum DSM 14647T
	1.7
	[30]



	L. ferriphilum P1
	2.2
	[32]



	Ad. aeolicum V1T
	2.1
	[33]



	Ad. cupricumulans BH2T
	2.1
	[33]



	F. acidiphilum YT
	0.94
	[34]



	Al. tolerans K1T
	0.36
	[31]



	Al. tolerans AMF
	0.83
	This study
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