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The general trend in biomining (i.e., bioleaching and biooxidation) is the use of media with high concentrations of the nutrients (nitrogen as ammonium, phosphorous as phosphate, and K), which are considered to be essential for microbial growth. The depletion of any of the nutrients would affect negatively the bioleaching (and biooxidation) capacity of the microorganisms, so the formulation of the different media ensures that there is a surplus of nutrients. However, some of these nutrients (e.g., phosphate, K) may be already present in the ore and are made available to the microorganisms when the ore is exposed to the low-pH media used during bioleaching. The effect of phosphate addition (109 mg/L) and depletion on the bioleaching of low-grade sulfidic ore alongside the determination of ammonium (i.e., 25 mg/L, 50 mg/L, 109 mg/L, 409 mg/L, and 874 g/L) requirements were studied. The results of the experiments presented showed that the addition of phosphate did not have any effect on the bioleaching of the low-grade sulfidic ore while the addition of ammonium was necessary to obtain higher redox potentials (>650 mV vs. Ag/AgCl) and higher metal (Co, Cu, Ni, and Zn) dissolutions. Temperature was the factor that shaped the microbial communities, at 30°C, the microbial community at the end of all the experiments was dominated by Acidithiobacillus sp. as well as at 42°C, except when nutrients were not added and Sulfobacillus sp. was the dominant microorganism. At 55°C, DNA recovery was unsuccessful, and at 60°C, the microbial communities were dominated by Sulfolobus sp. In conclusion, the amount of nutrients in bioleaching could be reduced significantly to achieve the redox potentials and metal dissolution desired in bioleaching without affecting the microbial communities and bioleaching efficiencies.
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1 Introduction

Bioleaching aims at extracting metals (e.g., Co, Cu, Ni, and Zn) from ores and wastes (e.g., tailings, waste rock, and printed circuit boards) using acidophilic microorganisms (Johnson et al., 2023). Cultivation of acidophiles and bioleaching process optimization are particularly important to optimize metal extraction rates. The target microorganisms in bioleaching are chemolithoautotrophic acidophiles (e.g., Acidithiobacillus spp., Leptospirillum spp.) which use atmospheric CO2 as a carbon source and Fe or S as an energy source. Acidophiles are frequently grown in media with nutrients and/or trace elements. This is particularly important when the microbes are cultured in the absence of ore which can provide the necessary macro- and micronutrients for their continuous growth. Hallberg and Johnson (2007) developed a medium for the growth and isolation of acidophiles that contains basal salts and trace elements. This media contains the nutrients ammonium (41 mg/L), phosphate (35 mg/L) and K (29 mg/L), (see Ňancucheo et al., 2016 for full media composition). Other media used also for the isolation of acidophiles have similar chemical compositions but do not contain trace elements and have different amounts of nutrients (55–109 mg/L ammonium, 27–109 mg/L phosphate, 13–45 mg/L K); (Norris et al., 1996, 2020; Coram and Rawlings, 2002).

Higher concentrations of ammonium, phosphate and K are used in bioleaching experiments with chemolithoautotrophic acidophiles compared to those used in the growth and isolation of acidophiles. The medium 9 K medium, developed in 1959 by Silverman and Lundgren (1959) and originally developed for the cultivation of Acidithiobacillus ferooxidans, is widely used in bioleaching. This medium contains 49 mg/L Mg, 819 mg/L ammonium, 273 mg/L phosphate and 165 mg/L K. Hoffmann et al. (1981) showed that iron oxidation by A. ferrooxidans in a low-phosphate/low-sulfate medium without ammonium (102 mg/L Mg, 0 mg/L ammonium, 70 mg/L phosphate and 75 mg/L K) was more efficient than in 9 K medium due the high concentration of phosphate causing the formation of insoluble Fe-phosphates salts. However, most media used in batch mode bioleaching experiments, either in shake flasks or in reactors, are based on the 9 K medium, with additions of 4–59 mg/L Mg, 82–1,010 mg/L ammonium, 27–1908 mg/L phosphate and 22–786 mg/L K (Chen and Lin, 2001; Rodrıguez et al., 2003; Vilcáez et al., 2008; Zhou et al., 2009; Akinci and Guven, 2011; Spolaore et al., 2011; Lotfalian et al., 2015; Hubau et al., 2020). Some authors have added nutrient trace elements (e.g., Zn, Cu, Co, and Mn) to the media (Falagán et al., 2017; Santos et al., 2020), but this may be unnecessary if these are present in the ore minerals.

Laboratory scale-columns are used to study heap bioleaching at laboratory scale to understand the factors controlling bioleaching performance before and during mine operation. The media used in such experiments normally contain lower amounts of nutrients than media used in batch-mode bioleaching experiments. The columns are filled with crushed ore minerals and irrigated in continuous mode with an acidic solution which provides a continuous input of nutrients (e.g., Norris et al., 2012a,b; Manafi et al., 2013). For example, Norris et al. (2012a,b) used a medium containing 4 mg/L Mg, 5 mg/L ammonium, 5 mg/L phosphate and 2 mg/L K for the bioleaching of a copper sulfide ore and of a polymetallic sulfide ore using lab-scale columns. Manafi et al. (2013) compared the performances of the 9 K medium and a medium containing 819 mg/L ammonium, 485 mg/L phosphate and 315 mg/L K on the bioleaching of a pyritic porphyry copper sulfide ore in laboratory-scale columns. At the end of the experiments, all the columns (except the control column irrigated with biocide agent) had similar redox values and high Cu extraction yields (90–91%) that did not vary in the presence or absence of phosphate.

These studies show that the general trend in bioleaching is adding high concentration of nutrients (e.g., 9 K medium). However, some of the nutrients are likely present in the ore (e.g., K, Mg, and phosphate) and thus, their addition may be unnecessary. To date, there are no studies that focus on media optimization used in bioleaching. Some batch-mode bioleaching experiments and continuous mode laboratory-scale columns (e.g., Chen and Lin, 2001; Rodrıguez et al., 2003; Zhou et al., 2009; Norris et al., 2012a,b) have shown that low concentration of nutrients does not affect the bioleaching effectiveness. These highlights the necessity of studying the effect of addition/depletion of nutrients on the microbial communities and on the bioleaching process. This is significant in bioleaching at industrial scale as nutrient addition may increases cost of operation and particularly in bioleaching of low-grade ores and mine wastes (e.g., tailings). The low metal content of these resources makes them unsuitable for metal extraction. Therefore, the present study aims to investigate the effect of addition or depletion of nutrients on bioleaching efficiency during the bioleaching a low-grade ore. Metal extraction rates, Fe-oxidation, and microbial community compositions under varying nutrient conditions, specifically focusing on ammonium and phosphate, were assessed.



2 Low-grade ore background

The low-grade ore used in the present study was provided by the Sotkamo Mine in Finland (Terrafame Mining Company) which is a heap bioleaching operation that produces Ni, Zn and Co from pyrrhotite-rich pentlandite ore. The ore is bioleached in two stages; in a primary heap leach where remains for approximately 18 months and then in a secondary heap (the ore then is referred to as secondary ore) where leaching continues for at least 3 years (Arpalahti and Lundström, 2018). The heap pads are continuously irrigated with a low pH solution (~ pH 2.0) that is not amended with nutrients (e.g., ammonium and phosphate) but contains high concentration of metal(oid)s (Fe, Mn, Zn, Al, Ni, Mg) (Arpalahti and Lundström, 2019).

Research using ore and solutions from the Sotkamo Mine had been carried out for several decades. Niemelä et al. (1994) assessed the effect of ammonium, nitrate and phosphate addition on the bioleaching of the Sotkamo ore (the study did not specify if the ore used was primary or secondary ore). The experiments were carried out using shake flasks at 30°C and at 35°C and at pH 1.5 with 5 (wt./v) of ore. The authors determined that while nitrate was toxic, amendment with ammonium enhanced microbial Fe oxidation and phosphate had no effect. Ahoranta et al. (2017) used process liqueurs from the Sotkamo Mine to show that ammonium addition increased indigenous microbial Fe oxidation but phosphate, K and Na had no effect. Hubau et al. (2020) used 2-L batch reactors to bioleach the secondary ore (10% wt./v pulp density) at 42°C, 48°C, and 55°C using three different microbial consortia. The 42°C consortium was constructed from isolates kept at the French Geological Survey (BRGM) and was dominated by Leptospirillum, Acidithiobacillus and Sulfobacillus. The consortium used for the experiments at 48°C and 55°C was obtained at the University of Exeter (Fonti et al., 2019). The 48°C was dominated by Acidithiobacillus, Acidithiomicrobium, and Sulfobacillus while the 55°C was the same consortium than the one used at 48°C but it was cultivated, before inoculation of the reactors, with the Sotkamo secondary ore. The authors used the 0Km medium that contained 51 mg/L Mg, 1,009 mg/L ammonium, 667 mg/L phosphate, and 335 mg/L K. Their results showed that dissolution of Co clearly improved by the microbial activity, Cu dissolution was higher at 55°C than at 42°C and 48°C, while Ni was rapidly dissolved suggesting that it was contained in ready-soluble salts and its dissolution was not mediated by microbial activity. Hubau et al. (2024) determined the effect of nutrient concentration (1,009 mg/L and 101 mg/L ammonium, 334 and 67 mg/L K) on the bioleaching of the same secondary ore with 2-L batch reactors and at 20% wt./v of pulp density. The authors used a consortium dominated by candidate genus “Fervidacidithiobacillus” (formerly Acidithiobacillus), “Acidithiomicrobium”, and Sulfobacillus. Their results showed that the lower ammonium concentration had a negative impact on the microbial iron oxidizing activity and microbial growth while the effect of lower amounts of K was more noticeable on the microorganisms during the stationary phase but had no impact on achieving high redox potential. Hubau et al. (2024) showed that the metal dissolution achieved was similar in all the experiments independent of the nutrient concentration used. Falagán et al. (2024) studied the effect of inoculation and nutrient addition and Al and Mg in irrigation solution on metal extraction rates from the secondary ore at 48°C and at 60°C. The authors determined that inoculation and irrigation with nutrient solution (49 mg/L ammonium, 49 mg/L phosphate, and 40 mg/L K) favored microbial Fe oxidation and metal dissolution of the secondary ore compared to the experiments that were not inoculated and irrigated with nutrient-free solution.

The studies carried out with the secondary ore highlight the importance of nutrient addition during bioleaching, the effect of ammonium seeming particularly important. However, the effect of varying nutrient concentrations on the indigenous microbial communities is unknown. The present study investigates the bioleaching efficiency of indigenous microbial communities, their responses under decreasing concentrations of ammonium and depletion of phosphate, and provides a medium formulation for the bioleaching of the secondary ore and other similar low-grade ores including tailings and other mine wastes.



3 Materials and methods


3.1 Mineral

The low-grade ore used in the present study was the secondary ore obtained from the Sotkamo mine (Terrafame Mining Company, Finland). The main minerals present in the secondary ore are quartz (24.7 wt. %), K-feldspar (14.8 wt. %), jarosite (11.2 wt. %), any other Fe secondary minerals with Fe, S and O (12.0 wt. %), plagioclase (8.3 wt. %), phlogopite (5.8 wt. %), tremolite (4.0 wt. %), chlorite (2.7 wt. %), gypsum (2.7 wt. %), Fe-oxides (27 wt. %), pyrite (2.5 wt. %) muscovite (2.3 wt. %), magnesiochlorite (1.8 wt. %). For the experiments described in this paper, samples of secondary ore were milled to <300 μm diameter. Metal concentrations in the sample of secondary ore used in this study were 0.01 wt. % Co, 0.14 wt. % Cu, 6.84 wt. % Fe, 0.12 wt. % Ni and 0.32 wt. % Zn.



3.2 Microbial enrichments

Unmilled dried secondary ore and pregnant leaching solution were sampled from the secondary ore in sterile conditions and used to obtain microbial enrichments. The enrichment cultures were grown in media containing trace elements (as 10 mg/L ZnSO4·7H20, 1 mg/L CuSO4·5H2O mg/L, 1 mg/L MnSO4·4H2O, 1 mg/L CoSO4·7H2O, 0.5 mg/L Cr2(SO4)3·15H2O, 0.6 mg/L H3BO3, 0.5 mg/L NaMoO4·2H2O, 1 mg/L NiSO4·6H2O, 1 mg/L Na2SeO4·10H2O, 0.1 mg/L Na2WO4·2H2O, and 0.1 mg/LNaVO3) and basal salts (as 150 mg/L (NH4)2SO4, 150 mg/L Na2SO4∙10H2O, 50 mg/L KCl, 500 mg/L MgSO4·7H2O, 50 mg/L KH2PO4, 14 mg/L Ca(NO3)2·4H2O) (Ňancucheo et al., 2016) and ferrous iron (1.4 g/L) or elemental sulfur (~1% wt./v) as energy sources and pH 1.8. Cultures were incubated at five different temperatures, 30°C, 42°C, 48°C, 55°C, and 60°C in order to obtain mesophilic, moderate thermophilic and thermophilic strains that could potentially be used in the heaps at the Sotkamo Mine. The enrichments did not contain any source of organic carbon so autotrophic microorganisms (i.e., use CO2 as a carbon source) would grow preferentially.

The growth of microorganisms in the enrichments was assessed by optical microscopy to observe proliferation of microbial cells, and by measuring redox potential. Microbial activity has been shown to increase the rate of Fe oxidation by at least five orders of magnitude at low pH conditions (Singer and Stumm, 1970; Nordstrom et al., 2015). Redox potential is used to assess iron speciation; ferrous iron is the dominant species when redox potential is low (< ~450 mV vs. Ag/AgCl) and ferric iron is the dominant species when redox potential is higher than 450 mV (vs Ag/AgCl).



3.3 Nutrient optimization experiments

Nutrient optimization experiments were carried out to determine the lowest concentrations of nitrogen (as ammonium) necessary for bioleaching, and the effect of the addition of phosphorus (as phosphate) on the ability of the enriched cultures to bioleach the secondary ore. A total of nine media containing different concentrations of ammonium and phosphate were used during the experiments (Table 1). Magnesium and ammonium were added as sulfate salts and phosphate and K were added as K2HPO4, except for media M7 and M8 where K was added as sulfate.



TABLE 1 Media composition used during the experiments and metal concentrations (mg/L), redox potential (mV vs. Ag/AgCl), and dominant genera at the end of the experiments, ± indicates standard deviations for 3 biological samples.
[image: Table1]

Cultures were incubated at 30°C, 42°C, 48°C, 55°C, and 60°C in 100 mL of the nine different media (Table 1) and 3% wt./v milled secondary ore. Enrichments were pre-adapted to each media used during the experiments by subsequent subcultures a minimum of four times before inoculation. Triplicate conical flasks were inoculated with 10% v/v of inoculum that contained a mixture of liquid and solids. Cultures were shaken at 150 ppm and grown aerobically for 2 weeks. Redox potential was measured every 2 days to monitor iron oxidation and pH was systematically adjusted to pH 1.8 by the addition of 10% wt./v H2SO4. Redox potential and pH in the experiments were measured with a HANNA® HI5522 benchtop meter.

Samples for metal (Co, Cu, Fe, Ni, and Zn) analyses were withdrawn at the beginning and at the end of the experiments to assess bioleaching efficiency. Between 10 to 15 mL of sample was passed through a 0.2 μm pore-size sterile filtered and kept at 4°C until further analysis. Samples were diluted with 2% v/v HNO3. Metal (Co, Cu, Fe, Ni, and Zn) concentrations in the leachates were analysed using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) Agilent 5110 VDV at the Camborne School of Mines (Penryn Campus, University of Exeter, United Kingdom).

Biomass for DNA extraction was collected from the inocula and at the end of each of the experiments to determine microbial community composition. Up to 8 mL of a mixture of mineral and liquid from cultures was centrifuged (13,000 rpm for 10 min) and the pellet was washed with TRIS-HCl pH 7.0 buffer to ensure the pH of the pellet was ~7.0 to avoid DNA degradation. The collected pellets with biomass were preserved at −70°C until further processing.



3.4 Biomolecular analyses and statistics

DNA was extracted from the pellets using the Qiagen DNeasy PowerLyzer PowerSoil Kit following manufacturer’s instruction. Elution volume was decreased to 50 μL to increase DNA concentration in the extracts. DNA concentration was measured using the Qubit 4.0 Fluorometer dsDNA High Sensibility Assay kit (ThermoFisher Scientific).

Samples were sent to the Centre for Environmental Biotechnology for amplicon sequencing (Bangor University, Bangor, United Kingdom). Libraries of 16 rRNA gene amplicons were prepared as in (Distaso et al., 2020). The hypervariable V4 16S rRNAgene fragment was amplified using the forward F515 (5’-GTGBCAGCMGCCGCGGTAA-3′) and the reverse R806 prokaryotic primers (5’-GGACTACHVGGGTWTCTAAT-3′). The amplified fragments were approximately 290 bp. The primers contained the Illumina adapters and sequencing primers, a 12 bp barcode sequence, a heterogeneity spacer to mitigate the low sequence diversity amplicon issue, and 16S rRNA gene universal primers. PCRs in duplicate were performed using OneTaq Quickload Master Mix (New England Biolabs, United States). All reactions were run with no-template negative controls. Thermocycling conditions were: initial denaturation at 95°C for 2 min, followed by 30 cycles at 95°C for 45 s, 50°C for 60 s, and 72°C for 30 s with a final elongation at 72°C for 5 min. Amplicons were visualized in a 1.5% tris-acetate agarose gels using a GelDoc System (Bio-Rad, CA, United States). DNA bands of approximately 440 bp were gel-purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Germany). The purified amplicons were quantified using Qubit 4.0 Fluorometer (Life Technologies, Carlsbad, CA, United States), pooled in equimolar amounts and the final pool was run on Illumina MiSeq platform (Illumina, San Diego, CA, United States) using 500-cycle v2 chemistry (2 × 250 bp pairedend reads).

Bioinformatic analysis was carried out at the Centre for Environmental Biotechnology (Bangor University, Bangor, United Kingdom). Raw sequencing reads were pre-proceses to extract barcodes from sequences and cleaned of primer sequences using tagcleaner. The barcodes and sequences were rematched using Phyton scripts. The resulting filtered reads were analysed using QIIME v1.3.1. The libraries were demultiplexed based on the different barcodes, followed by classification on operational taxonomic units (OTUs) combining both de novo and reference-based methods (openreference OUT generation algorithm) using the SILVA version 138 reference database (Quast et al., 2013).

Data analyses were made in the R environment v 4.1.2 (R Core Team, 2022) and Excel 2019 (Microsoft Corporation, United States). Plots were done in Excel or R 4.1.2 using Rstudio and the ggplot2 package suite (Wickham, 2016), MicrobiotaProcess (Xu et al., 2023), phyloseq (McMurdie and Holmes, 2013) and UpSetR (Conway et al., 2017) and ComplexUpset v 1.3.5 (Krassowski et al., 2022). OTU abundances were presented as relative abundance in percentage. A matrix of dissimilarities was constructed, using the abundance-based Bray–Curtis dissimilarity index as estimator of beta diversity. The matrix was used to plot samples after Non-Metric Multidimensional Scaling (NMDS) analysis to visualize the similarity of the community composition and Principal Component Analysis (PCoA) to further highlight the taxa that were mostly defining the communities according to the ordination. Upset plots were done to describe how many genera were shared among the different experiments using exclusive intersection among groups, meaning that the elements in an intersection group only belong to that specific intersection group but not to any other set. Further, PERMANOVA on beta diversity allowed us to test the effect of the variables “Medium type” and “Temperature” on the community composition of the samples.




4 Results and discussion


4.1 Nutrient addition effect on iron oxidation

Redox potential in acidic environments is directly correlated to Fe speciation (Yue et al., 2016), so it can be used as a proxy for Fe oxidation in acidic environments such as bioleaching. Major differences in redox potential were observed among the different temperatures. The highest redox potential (Figure 1; Table 1) values were achieved at 30°C followed by 42°C, 48°C, and 60°C, with the lowest values obtained at 55°C.
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FIGURE 1
 Redox potential of shake flask experiments at 30°C, 42°C, 48°C, 55°C, and 60°C under different concentrations of ammonium and phosphate. Error bars indicate standard deviations for 3 biological samples. Media formulations can be found in Table 1.


The highest redox potentials were achieved in the experiments carried out in the presence of ammonium (Figure 1; Table 1) independent of the concentration of ammonium used (from 25 mg L−1 to 874 mg L−1). By contrast, the absence of phosphate did not have any effect on redox potential. In those experiments that were not amended with ammonium, the redox potential was similar to the control experiments (medium M9) that did not contain ammonium, phosphate or K. Experiments conducted at 30°C showed a redox potential of 684 ± 3 mV (vs Ag/AgCl) in the presence of ammonium while those experiment without ammonium the redox potential was 469 ± 12 mV (vs Ag/AgCl). The redox potential at 42°C had a similar profile to that of the redox potential at 30°C, with a short lag phase and higher redox potential in experiments with ammonium (625 ± 4 mV vs Ag/AgCl) than those without ammonium (480 ± 9 mV vs Ag/AgCl). At 48°C, the experiments without ammonium had a 2-day lag phase followed by a small increase of redox potential to 530 ± 4 mV (vs Ag/AgCl). In the experiments with ammonium the redox potential achieved was only 90 mV higher than cultures grown in the absence of ammonium (Figure 1). The lowest redox potentials in experiments with ammonium were obtained at 55°C (581 ± 12 mV vs Ag/AgCl), and again, in the experiments without ammonium the redox potential was 90 mV lower. The redox potentials at 60°C had a lag phase of 5–6 days in the experiments with ammonium, but after that, the redox potential increased to 620 ± 5 mV (vs Ag/AgCl). The experiments without ammonium showed a small increase in redox potential between the start and end of the experiments of just 42–85 mV (vs Ag/AgCl), remaining at 442 ± 24 V (Ag/AgCl) at the end of the cultivation period.

These results are similar to those of Hubau et al. (2024) and Falagán et al. (2024) who showed that ammonium was the only nutrient that affected the microbial iron oxidation during the bioleaching of the Sotkamo secondary ore. The dissolution of the mineral may provide some of these nutrients such as phosphate and K. Phosphate and K are commonly found in rocks and ores that dissolved during bioleaching and would be available for the microorganism uptake. For example, the dissolution of apatite (Ca5(PO4)3(OH,F,Cl)) could be a source of phosphate while the dissolution of minerals such as muscovite (KAl2(AlSi3O10)(F,OH)2) could provide K.



4.2 Nutrient addition effect on metal dissolution

The amounts of Co, Cu, Ni and Zn dissolved were lowest at 30°C, whereas the dissolved metal concentrations at 42°C, 48°C, 55°C, and 60°C metal dissolution were similar, except for Cu that was higher at 55°C and at 60°C.

The effect of nutrient addition on metal dissolution varied depending on the temperature at which the experiment was carried. At 30°C, Ni dissolution was lower in the experiments without ammonium while at the other temperatures was similar in experiments with and without ammonium. The similar dissolution yields of Ni in all the experiments are likely caused by the nature of the secondary ore. This is due to the presence of soluble sulfate salts with high nickel content that dissolved rapidly when in contact with acidic solutions (Falagán et al., 2024).

At 30°C, Zn dissolution was 9% lower in experiments without ammonium than with ammonium (Table 1), but in the experiments at higher temperatures, Zn dissolution was similar in all the experiments independently of nutrient addition. Sphalerite is the main Zn-bearing mineral in the secondary ore (Hubau et al., 2020) and, although this mineral can be dissolved by acid only, its bioleaching is enhanced due to Fe oxidation (Fowler and Crundwell, 1998; Schippers et al., 2019; Abdollahi et al., 2022). Different nutrient requirements by the dominant microbial species at 30°C than the other species at the higher temperatures (42°C, 48°C, 55°C, and 60°C) may have caused lower microbial Fe-oxidation activity and therefore cause lower Fe(III) availability for the oxidation of sphalerite.

Cobalt dissolution was 11–24% lower in those experiments without ammonium than in the experiments with ammonium (Figure 2; Table 1). This metal was mainly contained in the pyrite (Hubau et al., 2020), which is a bioleachable mineral (Yahya and Johnson, 2002). The depletion of ammonium caused lower microbial Fe-oxidizing activity which is reflected by the low redox values of experiments where ammonium was absent (Figure 1). Low ammonium concentration (101 mg/L ammonium) also caused lower Co dissolution during the bioleaching of secondary ore in batch reactors with higher concentration of ammonium (1,009 mg/L ammonium) (Hubau et al., 2024). This highlights the necessity of adding ammonium to promote microbial Fe-oxidation during bioleaching.

[image: Figure 2]

FIGURE 2
 Metal (Co, Cu, Fe, Ni, and Zn) concentrations (mg/L) at the end of the shake flask experiments at 30°C, 42°C, 48°C, 55°C, and 60°C under different concentrations of ammonium and phosphate. The line on the Fe graph represents metal concentration at the beginning of the experiments. For other metals (Co, Cu, Ni, and Zn), the metal dissolutions at the beginning of the experiments was below the lowest values depicted on the axis. Error bars indicate standard deviations for 3 biological samples. Media formulations can be found in Table 1.


Copper dissolution was mostly temperature dependent as the lowest dissolution amounts were found at 30°C, followed by 42°C and 48°C, with the highest Cu dissolution at 55°C and 60°C. Copper is mainly present in chalcopyrite in the secondary ore (Hubau et al., 2020) whose leaching is improved at high temperatures (Rodrıguez et al., 2003; Petersen and Dixon, 2006; Córdoba et al., 2008; Watling, 2014).

Iron dissolution varied greatly compared to the other metals. At 30°C, 42°C, and 48°C, Fe decreased as the ammonium concentration in media decreased, opposite to the trend recorded for the 55°C and 60°C experiments. At 30°C, Fe in solution without ammonium was similar in the three experiments. At the other temperatures in media without ammonium and phosphate the leachates had higher concentrations of Fe than in experiments with these two nutrients. The different iron dissolutions may have been caused by pH variations during the experiments. As pH was adjusted every 2 days to 1.8, the pH reached values over 2.0, mostly at the beginning of the experiments, likely causing the precipitation of iron as Fe(III) minerals (e.g., jarosite). Precipitation of jarosite is favored at pH >2.0, the combination of high pH, high temperature, and ammonium and K may have contributed to the formation of jarosites including ammoniojarosite (Tuovinen and Carlson, 1979; Lazaroff et al., 1982; Wang et al., 2007; Kaksonen et al., 2014; Sandy Jones et al., 2014). Removing nutrients and K from the solution may have favored the retention of Fe (Figure 2). Further studies should be carried out where pH is controlled to determine iron dissolution and precipitations rates at different nutrient concentrations.



4.3 Microbial community composition

Some of the collected samples did not yield enough DNA to perform amplicon sequencing; these were: at 30°C, M4 start; at 42°C, M8 end and M9 start; at 48°C, M2 start, M6 start, M8 start and M9 start; at 55°C, all of the samples; at 60°C, M7 start and M8 start.

At 30°C, the microbial community at the end of all the experiments was dominated by Acidithiobacillus sp. (72–87%) with other species at lower relative abundance belonging to the genera Leptospirillum sp., Sulfobacillus sp., Acidiferrobacter sp., and Ferrobacter sp. (Figure 3). In media that contained ammonium (M1 to M7), the second dominant microorganisms were genera Leptospirillum sp. and Acidiferrobacter sp., whereas in media that did not contain ammonium the second dominant organisms were Leptospirillum sp. and Sulfobacillus sp. with reduced relative abundances of Acidiferrobacter sp. and the appearance of the heterotroph Acidiphilium sp. (Figure 3).
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FIGURE 3
 Relative abundance at genus level of microbial communities in the inocula and at the end of the experiments at 30°C, 42°C, 48°C, and 60°C under different concentrations of ammonium and phosphate. Blank spaces correspond to samples that did not yield any DNA. Media formulations can be found in Table 1.


At 42°C, the microbial communities at the end of the experiments with media containing ammonium (M1 to M7) were dominated by Acidithiobacillus sp. (82–91%), with lesser amounts of species at belonging to the genera Sulfobacillus sp. and Acidimicrobium sp. (Figures 3, 4). The microbial community in the experiments without ammonium (M7 to M9 media) shifted towards a composition closer to that found at 48°C (Figure 4). For example, at the end of the experiment with medium M9 the microbial community was dominated by Sulfobacillus sp. (77%), with lesser amounts of Acidithiobacillus sp. (19%) (Figure 3). Although, the end of experiment with medium M8 did not yield enough DNA, the end of experiment with M9 suggest that nutrient depletion causes a shift of microbial community towards a Sulfobacillus. This is particularly interesting as the sulfobacilli are spore-forming bacteria (Norris et al., 1996), spores allow survival after being exposed to unfavorable environmental conditions, whereas the acidithioballi do not form spores, making their survival under unfavorable environmental conditions limited and ultimately impossible. In addition, Sulfobacillus spp. are mixotrophs that may be using the organic carbon released when cells lyse outcompeting other microorganisms at low concentrations of nutrients and, when favourable conditions return, Sulfobacillus spp. proliferates over other species.
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FIGURE 4
 Principal Component Analysis ordination illustrates the compositional similarity of microbial communities at the end of the experiments at 30°C, 42°C, 48°C, and 60°C under different concentrations of ammonium and phosphate. The top five genera driving groups ordination are plotted on top of the PCoA. Media formulations can be found in Table 1.


The microbial community at 48°C was dominated by Sulfobacillus sp. all the samples either the inoculum or at the end of the experiments with relative abundances of 90–100% (Figure 3) with very low relative abundances of other genera.

At 60°C, the microbial communities at the end of all the experiments were dominated by Sulfolobus sp. (63–98%) with lower relative abundances of Sulfobacillus sp. (1–19%) and Thermoplasma sp. (0–20%) (Figure 3).

Microbial communities were similar at the beginning and at the end of the experiments, which is expected as the enrichments were adapted to each medium previously to the start of the experiments (Figures 3, 5). The main factor that shaped the microbial communities was the temperature (PERMANOVA: R2 = 0.84, p. value = 0.0001; statistical results for the PERMANOVA can be found in Supplementary Table S1) while the medium type showed a very weak yet significant effect on the community composition (R2 = 0.04, p. value = 0.007); (Figures 3–5), media without ammonium and phosphate selected for some genera (M9 medium selected for 5 genera and M8 and M9 selected for further 4 genera, Figure 6). Nine genera were the most widely distributed genera being present in all experiments: Acidimicrobiia (class), Acidimicrobium, Sulfolobus, Sulfobacillus, an uncultured Sulfobacillaceae (Family), Leptospirillum, Acidiferrobacter, uncultured Acetobacteraceae (Family) and Acidithiobacillus (Figure 6). Other genera were present only present in some of the experiments, for instance three Firmicutes, Anaerococcus, Clostridiaceae (Family) and Sporanaerobacter, were present in experiments with media M5, M2 and M3 while three Proteobacteria and the archaeon Cuniculiplasma were present in experiments with media M9 and M8. Experiments with media M9 showed the highest number of exclusive genera. Experiments carried out at 48°C and 30°C showed the highest number of genera (respectively 22 and 18). The temperature factor showed higher exclusive genera and lower number of shared genera when compared to the different media used. Only three genera are present in all the temperatures: Sulfobacillus, Leptospirillum and Acidithiobacillus. The experiments carried out at 48°C showed the highest number of exclusive genera (n = 8), followed by 30°C (n = 7) and 60°C (n = 6), while the 42°C treatment has one exclusive genera: Aciditerrimonas (Figure 6).
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FIGURE 5
 Non-metric multidimensional scaling (NMDS) analysis plot of microbial communities in inocula (start) and at the end of the experiments at 30°C, 42°C, 48°C, and 60°C under different concentrations of ammonium and phosphate. Media formulations can be found in Table 1.
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FIGURE 6
 Upset plots show intersecting sets of samples (exclusive intersection), regarding medium composition (A) and temperature (B). The set size indicates the number of genera present for each experiment and the intersection size indicates the number of genera that are shared among the members of an intersection group. Abbreviations for the genera shared by each group are indicated in each count unit and its phylum is color coded. Key for the abbreviations used in the intersection bar chart are explained in the box on the left. Media formulations can be found in Table 1.


As the different microorganisms found at the end of the experiments (e.g., Acidithiobacillus, Sulfobacillus, and Sulfolobus) have different optimal temperatures for growth, it was expected that temperature was the dominant variable shaping the microbial communities. The optimal temperatures for growth of the mesophilic and moderate thermophiles of the genus Acidithiobacillus sp. are ~30°C and 45°C, respectively (Mirete et al., 2017); Sulfobacillus sp. are moderate thermophiles with optimum growth temperatures of 38–55°C (Norris et al., 1996; Melamud et al., 2003; Bogdanova et al., 2006; Johnson et al., 2008; Zhang et al., 2021). Acidithiobacillus spp. and Sulfobacillus spp. are iron and sulfur oxidizing bacteria (Dopson, 2016) suggesting both groups were driving iron oxidation during the experiments at temperatures between 30°C and 55°C. At 60°C, the dominant genus was Sulfolobus sp. (including species now belonging to the genus Sulfuracidifex; Itoh et al., 2020) which are thermophilic archaea with optimum growth temperatures of 65–80°C (Brock et al., 1972; Huber and Stetter, 1991; Suzuki et al., 2002; Itoh et al., 2020). Some of these archaea are able to oxidize iron and sulfur (Golyshina et al., 2016; Itoh et al., 2020), the high redox potentials at 60°C suggest that the microbial community was dominated by those species able to oxidize iron.




5 Conclusions and further research

The low nutrient concentrations used for the bioleaching of the secondary ore did not have a noticeable effect on the microbial communities, exception made for the treatment at 42°C whose irrigation solutions did not contain phosphate and ammonium. Responses of microorganisms used in bioleaching under low nutrient concentrations have not been studied either at the species level or at community level. Nutrient availability and intake rates may be factors that would cause microbial species shifts during bioleaching thus causing the dominance or disappearance of certain species. This needs further investigation as there is a lack of existing studies addressing this matter.

The dominance of Sulfobacillus spp. under nutrient depletion is particularly interesting, the mixotrophic nature of this genus combined with the spore-forming capacity may favor the proliferation of Sulfobacillus spp. over autotrophs and other non-spore forming species. Further experiments to determine the effect of nutrients on microbial communities should be considered when mixotrophic spore-forming (e.g., sulfobacilli) microorganisms and non-mixotrophs (e.g., acidithiobacilli) microbes coexist at 42°C, a temperature equal or close for their optimal growth.

There are other parameters that should be considered when performing nutrient optimization such as pulp density. The study presented here was performed at a relatively low pulp density (3% wt./v) and in small volumes (100 mL) with a secondary ore that contained a high abundance of gangue minerals. Further experiments on nutrient optimization should be performed to understand microbial nutrient consumption at different pulp densities. Presumably, higher pulp densities would require increasing nutrient concentrations to support the growth of the microbial community during batch experiments.

However, during bioleaching in continuous mode such as laboratory-scale columns, nutrients are added continuously, thus lower concentration of nutrients may be sufficient. Monitoring nutrient consumption is recommended in order to understand the nutrient requirements of the microbial communities during the different phases of growth during bioleaching. This will help to ascertain whether the addition of nutrients is necessary during the full period of the bioleaching process. In laboratory-scale columns or heap bioleaching, for example, addition would only be necessary during the microbial exponential growth phase.

Microbial nutrient requirements in bioleaching environments should be studied further to understand how this affect Fe oxidations rates which in turn would influence metal dissolution rates. The present study demonstrates that addition of ammonium during the bioleaching of the secondary Sotkamo ore using indigenous microorganisms is a requirement for improving Fe oxidation and enhancing metal extraction rates, while the addition of other nutrients (K and phosphate) does not provide any advantages towards higher bioleaching performance. The addition of nutrients such as ammonium may favor the precipitation of secondary minerals such as jarosite. The optimization of nutrient addition may prevent the formation of undesirable minerals that may hinder metal extraction rates through removal of Fe(III), co-precipitation or passivation of mineral particles.

In conclusion, a nutrient medium with low concentration of ammonium is recommended for the bioleaching of the secondary ore and other low-grade ores and wastes, deeming unnecessary the addition of phosphate, K, and other micro- and macronutrients. However, the concentration of ammonium should be optimized for the bioleaching conditions of the different ores in order to optimize microbial growth and metal extraction rates.



Data availability statement

The sequence data generated in this study have been deposited in the NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1081817) under Bioproject PRJNA1081817 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1081817). The public database SILVA non-redundant SSU Ref database, https://www.arb-silva.de/, v.138, was used in this study.



Author contributions

CF: Conceptualization, Formal analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. TS: Formal analysis, Writing – review & editing, Data curation, Methodology. GW: Methodology, Writing – review & editing. RB: Writing – review & editing, Data curation, Formal analysis, Methodology. DD: Writing – review & editing, Conceptualization. KH-E: Project administration, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the EU Framework Programme for Research and Innovation Horizon 2020 under Grant Agreement No. 776846.



Acknowledgments

The authors of this article acknowledge the technical team at the Environmental and Sustainability Institute and the Camborne School of Mine at the University of Exeter for their invaluable laboratory assistance and Terrafame Mining Company for providing the secondary ore used in the experiments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1359991/full#supplementary-material



References

 Abdollahi, H., Mirmohammadi, M., Ghassa, S., Jozanikohan, G., Boroumand, Z., and Tuovinen, O. H. (2022). Acid bioleaching of select sphalerite samples of variable Zn- and Fe-contents. Hydrometallurgy 212:105897. doi: 10.1016/j.hydromet.2022.105897


 Ahoranta, S. H., Peltola, M. K., Lakaniemi, A.-M., and Puhakka, J. A. (2017). Enhancing the activity of iron-oxidising bacteria: A case study with process liquors from heap bioleaching of a complex sulphide ore. Hydrometallurgy. 167, 163–172. doi: 10.1016/j.hydromet.2016.11.010


 Akinci, G., and Guven, D. E. (2011). Bioleaching of heavy metals contaminated sediment by pure and mixed cultures of Acidithiobacillus spp. Desalination 268, 221–226. doi: 10.1016/j.desal.2010.10.032


 Arpalahti, A., and Lundström, M. (2018). The leaching behavior of minerals from a pyrrhotite-rich pentlandite ore during heap leaching. Miner. Eng. 119, 116–125. doi: 10.1016/j.mineng.2018.01.025


 Arpalahti, A., and Lundström, M. (2019). Dual aeration tests with heap leaching of a pyrrhotite-rich pentlandite ore. Hydrometallurgy 185, 173–185. doi: 10.1016/j.hydromet.2019.02.018


 Bogdanova, T. I., Tsaplina, I. A., Kondrat'eva, T. F., Duda, V. I., Suzina, N. E., Melamud, V. S., et al. (2006). Sulfobacillus thermotolerans sp. nov., a thermotolerant, chemolithotrophic bacterium. Int. J. Syst. Evol. Microbiol. 56, 1039–1042. doi: 10.1099/ijs.0.64106-0


 Brock, T. D., Brock, K. M., Belly, R. T., and Weiss, R. L. (1972). Sulfolobus: a new genus of sulfuroxidizing bacteria living at low pH and high temperature. Arch. Mikrobiol. 84, 54–68. doi: 10.1007/BF00408082


 Chen, S.-Y., and Lin, J.-G. (2001). Bioleaching of heavy metals from sediment: significance of pH. Chemosphere 44, 1093–1102. doi: 10.1016/S0045-6535(00)00334-9 

 Conway, J. R., Lex, A., and Gehlenborg, N. (2017). UpSetR: an R package for the visualization of intersecting sets and their properties. Bioinformatics 33, 2938–2940. doi: 10.1093/bioinformatics/btx364 

 Coram, N. J., and Rawlings, D. E. (2002). Molecular relationship between two groups of the genus Leptospirillum and the finding that Leptospirillum ferriphilum sp. nov. dominates south African commercial biooxidation tanks that operate at 40°C. Appl. Environ. Microbiol. 68, 838–845. doi: 10.1128/AEM.68.2.838-845.2002 

 Córdoba, E. M., Muñoz, J. A., Blázquez, M. L., González, F., and Ballester, A. (2008). Leaching of chalcopyrite with ferric ion. Part I: general aspects. Hydrometallurgy 93, 81–87. doi: 10.1016/j.hydromet.2008.04.015


 Distaso, M. A., Bargiela, R., Brailsford, F. L., Williams, G. B., Wright, S., Lunev, E. A., et al. (2020). High representation of Archaea across all depths in Oxic and low-pH sediment layers underlying an acidic stream. Front. Microbiol. 11:576520. doi: 10.3389/fmicb.2020.576520 

 Dopson, M. (2016). “Physiological and phylogenetic diversity of acidophilic Bacteria” in Acidophiles: life in extremely acidic environments, eds. R. Quatrini and D. B. Johnson (Caister Academic Press), 79–92. doi: 10.21775/9781910190333.05


 Falagán, C., Dew, D. W., and Hudson-Edwards, K. A. (2024). Effect of nutrient concentration, dissolved salts, and mineralogy at high temperature column bioleaching of a pyrrhotite secondary ore. Miner. Eng. 209:108648. doi: 10.1016/j.mineng.2024.108648


 Falagán, C., Grail, B. M., and Johnson, D. B. (2017). New approaches for extracting and recovering metals from mine tailings. Miner. Eng. 106, 71–78. doi: 10.1016/j.mineng.2016.10.008


 Fonti, V., Joulian, C., Guezennec, A.-G., and Bryan, C. G. (2019). Bioprospecting and the microbial ecology of a coal production waste dump. In International biohydrometallurgy symposium – IBS 2019 (Fukuoka, Japan). Available at: https://brgm.hal.science/hal-02166650 (Accessed December 18, 2023).


 Fowler, T. A., and Crundwell, F. K. (1998). Leaching of zinc sulfide by Thiobacillus ferrooxidans: experiments with a controlled redox potential indicate no direct bacterial mechanism. Appl. Environ. Microbiol. 64, 3570–3575. doi: 10.1128/AEM.64.10.3570-3575.1998 

 Golyshina, O. V., Ferrer, M., and Golyshin, P. N. (2016). “Diversity and physiologies of acidophilic Archaea” in Acidophiles: life in extremely acidic environments, eds. R. Quatrini and D. B. Johnson (Caister Academic Press), 93–106. doi: 10.21775/9781910190333.06


 Hallberg, K. B., and Johnson, D. B. (2007). “Isolation, enumeration, growth, and preservation of acidophilic prokaryotes” in Manual of Environmental Microbiology eds. C. J. Hurst, R. L. Crawford, J. L. Garland, D. A. Lipson, A. L. Mills, and L. D. Stetzenbach (John Wiley & Sons, Ltd), 1155–1165. doi: 10.1128/9781555815882.ch95


 Hoffmann, M. R., Faust, B. C., Panda, F. A., Koo, H. H., and Tsuchiya, H. M. (1981). Kinetics of the removal of Iron pyrite from coal by microbial catalysis. Appl. Environ. Microbiol. 42, 259–271. doi: 10.1128/aem.42.2.259-271.1981 

 Hubau, A., Guezennec, A.-G., Joulian, C., Falagán, C., Dew, D., and Hudson-Edwards, K. A. (2020). Bioleaching to reprocess sulfidic polymetallic primary mining residues: determination of metal leaching mechanisms. Hydrometallurgy 197:105484. doi: 10.1016/j.hydromet.2020.105484


 Hubau, A., Pino-Herrera, D. O., Falagán, C., Hudson-Edwards, K. A., Joulian, C., and Guezennec, A.-G. (2024). Influence of the nutrient medium composition during the bioleaching of polymetallic sulfidic mining residues. Waste Biomass Valori. 15, 561–575. doi: 10.1007/s12649-02302090-y


 Huber, G., and Stetter, K. O. (1991). Sulfolobus metallicus, sp. nov., a novel strictly Chemolithoautotrophic thermophilic archaeal species of metal-mobilizers. Syst. Appl. Microbiol. 14, 372–378. doi: 10.1016/S0723-2020(11)80312-7


 Itoh, T., Miura, T., Sakai, H. D., Kato, S., Ohkuma, M., and Takashina, T. (2020). Sulfuracidifex tepidarius gen. Nov., sp. nov. and transfer of Sulfolobus metallicus Huber and Stetter 1992 to the genus Sulfuracidifex as Sulfuracidifex metallicus comb. nov. Int. J. Syst. Evol. Microbiol. 70, 1837–1842. doi: 10.1099/ijsem.0.003981 

 Johnson, D. B., Bryan, C. G., Schlömann, M., and Roberto, F. F. eds. (2023). Biomining technologies: extracting and recovering metals from ores and wastes. Cham: Springer International Publishing.


 Johnson, D. B., Joulian, C., d’Hugues, P., and Hallberg, K. B. (2008). Sulfobacillus benefaciens sp. nov., an acidophilic facultative anaerobic Firmicute isolated from mineral bioleaching operations. Extremophiles 12, 789–798. doi: 10.1007/s00792-008-0184-4 

 Kaksonen, A. H., Morris, C., Rea, S., Li, J., Usher, K. M., McDonald, R. G., et al. (2014). Biohydrometallurgical iron oxidation and precipitation: part II — Jarosite precipitate characterisation and acid recovery by conversion to hematite. Hydrometallurgy 147–148, 264–272. doi: 10.1016/j.hydromet.2014.04.015


 Krassowski, M., Arts, M., Cyril Lagger, C., and Max,
. (2022). krassowski/complex-upset: v1.3.5 (v1.3.5). Zenodo. Available at: https://doi.org/10.5281/zenodo.7314197.


 Lazaroff, N., Sigal, W., and Wasserman, A. (1982). Iron oxidation and precipitation of ferric Hydroxysulfates by resting Thiobacillus ferrooxidans cells. Appl. Environ. Microbiol. 43, 924–938. doi: 10.1128/aem.43.4.924-938.1982 

 Lotfalian, M., Ranjbar, M., Fazaelipoor, M. H., Schaffie, M., and Manafi, Z. (2015). The effect of redox control on the continuous bioleaching of chalcopyrite concentrate. Miner. Eng. 81, 52–57. doi: 10.1016/j.mineng.2015.07.006


 Manafi, Z., Abdollahi, H., and Tuovinen, O. H. (2013). Shake flask and column bioleaching of a pyritic porphyry copper sulphide ore. Int. J. Miner. Process. 119, 16–20. doi: 10.1016/j.minpro.2012.12.010


 McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217 

 Melamud, V. S., Pivovarova, T. A., Tourova, T. P., Kolganova, T. V., Osipov, G. A., Lysenko, A. M., et al. (2003). Sulfobacillus sibiricus sp. nov., a new moderately thermophilic bacterium. Microbiology 72, 605–612. doi: 10.1023/A:1026007620113


 Mirete, S., Morgante, V., and González-Pastor, J. E. (2017). “Acidophiles: diversity and mechanisms of adaptation to acidic environments” in Adaption of microbial life to environmental extremes: novel research results and application. eds. H. Stan-Lotter and S. Fendrihan (Cham: Springer International Publishing), 227–251.


 Ňancucheo, I., Rowe, O. F., Hedrich, S., and Johnson, D. B. (2016). Solid and liquid media for isolating and cultivating acidophilic and acid-tolerant sulfate-reducing bacteria. FEMS Microbiol. Lett. 363:fnw083. doi: 10.1093/femsle/fnw083 

 Niemelä, S. I., Riekkola-Vanhanen, M., Sivelä, C., Viguera, F., and Tuovinen, O. H. (1994). Nutrient effect on the biological leaching of a black-schist ore. Appl. Environ. Microbiol. 60, 1287–1291. doi: 10.1128/aem.60.4.1287-1291.1994 

 Nordstrom, D. K., Blowes, D. W., and Ptacek, C. J. (2015). Hydrogeochemistry and microbiology of mine drainage: an update. Appl. Geochem. 57, 3–16. doi: 10.1016/j.apgeochem.2015.02.008


 Norris, P. R., Brown, C. F., and Caldwell, P. E. (2012a). Ore column leaching with thermophiles: II, polymetallic sulfide ore. Hydrometallurgy 127–128, 70–76. doi: 10.1016/j.hydromet.2012.07.005


 Norris, P. R., Calvo-Bado, L. A., Brown, C. F., and Davis-Belmar, C. S. (2012b). Ore column leaching with thermophiles: I, copper sulfide ore. Hydrometallurgy 127–128, 62–69. doi: 10.1016/j.hydromet.2012.07.003


 Norris, P. R., Clark, D. A., Owen, J. P., and Waterhouse, S. (1996). Characteristics of Sulfobacillus acidophilus sp. nov. and other moderately thermophilic mineral-sulphide-oxidizing bacteria. Microbiology 142, 775–783. doi: 10.1099/00221287-142-4-775 

 Norris, P. R., Falagán, C., Moya-Beltrán, A., Castro, M., Quatrini, R., and Johnson, D. B. (2020). Acidithiobacillus ferrianus sp. nov.: an ancestral extremely acidophilic and facultatively anaerobic chemolithoautotroph. Extremophiles 24, 329–337. doi: 10.1007/s00792-020-01157-1 

 Petersen, J., and Dixon, D. G. (2006). Competitive bioleaching of pyrite and chalcopyrite. Hydrometallurgy 83, 40–49. doi: 10.1016/j.hydromet.2006.03.036


 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219 

 R Core Team (2022). R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-project.org/.


 Rodrıguez, Y., Ballester, A., Blázquez, M. L., González, F., and Muñoz, J. A. (2003). New information on the pyrite bioleaching mechanism at low and high temperature. Hydrometallurgy 71, 37–46. doi: 10.1016/S0304-386X(03)00172-5


 Sandy Jones, F., Bigham, J. M., Gramp, J. P., and Tuovinen, O. H. (2014). Synthesis and properties of ternary (K, NH4, H3O)-jarosites precipitated from Acidithiobacillus ferrooxidans cultures in simulated bioleaching solutions. Mater. Sci. Eng. C 44, 391–399. doi: 10.1016/j.msec.2014.08.043 

 Santos, A. L., Dybowska, A., Schofield, P. F., Herrington, R. J., and Johnson, D. B. (2020). Sulfurenhanced reductive bioprocessing of cobalt-bearing materials for base metals recovery. Hydrometallurgy 195:105396. doi: 10.1016/j.hydromet.2020.105396


 Schippers, A., Tanne, C., Stummeyer, J., and Graupner, T. (2019). Sphalerite bioleaching comparison in shake flasks and percolators. Miner. Eng. 132, 251–257. doi: 10.1016/j.mineng.2018.12.007


 Silverman, M. P., and Lundgren, D. G. (1959). Studies on the chemoautotrophic iron bacterium ferrobacillus ferrooxidans: I. An improved medium and a harvesting procedure for securing high cell yields. J. Bacteriol. 77, 642–647. doi: 10.1128/jb.77.5.642-647.1959 

 Singer, P. C., and Stumm, W. (1970). Acidic mine drainage: the rate-determining step. Science 167, 1121–1123. doi: 10.1126/science.167.3921.1121 

 Spolaore, P., Joulian, C., Gouin, J., Morin, D., and d’Hugues, P. (2011). Relationship between bioleaching performance, bacterial community structure and mineralogy in the bioleaching of a copper concentrate in stirred-tank reactors. Appl. Microbiol. Biotechnol. 89, 441–448. doi: 10.1007/s00253-010-2888-5 

 Suzuki, T., Iwasaki, T., Uzawa, T., Hara, K., Nemoto, N., Kon, T., et al. (2002). Sulfolobus tokodaii sp. nov. (f. Sulfolobus sp. strain 7), a new member of the genus Sulfolobus isolated from Beppu Hot Springs, Japan. Extremophiles 6, 39–44. doi: 10.1007/s007920100221 

 Tuovinen, O. H., and Carlson, L. (1979). Jarosite in cultures of iron-oxidizing thiobacilli. Geomicrobiol J. 1, 205–210. doi: 10.1080/01490457909377731


 Vilcáez, J., Suto, K., and Inoue, C. (2008). Bioleaching of chalcopyrite with thermophiles: temperature–pH–ORP dependence. Int. J. Miner. Process. 88, 37–44. doi: 10.1016/j.minpro.2008.06.002


 Wang, H., Bigham, J. M., Jones, F. S., and Tuovinen, O. H. (2007). Synthesis and properties of ammoniojarosites prepared with iron-oxidizing acidophilic microorganisms at 22–65°C. Geochim. Cosmochim. Acta 71, 155–164. doi: 10.1016/j.gca.2006.09.001


 Watling, H. R. (2014). Chalcopyrite hydrometallurgy at atmospheric pressure: 2. Review of acidic chloride process options. Hydrometallurgy 146, 96–110. doi: 10.1016/j.hydromet.2014.03.013


 Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag. ISBN 978-3-319-24277-4, Available at: https://ggplot2.tidyverse.org


 Xu, S., Zhan, L., Tang, W., Wang, Q., Dai, Z., Zhou, L., et al. (2023). MicrobiotaProcess: a comprehensive R package for deep mining microbiome. Innovation 4:100388. doi: 10.1016/j.xinn.2023.100388 

 Yahya, A., and Johnson, D. B. (2002). Bioleaching of pyrite at low pH and low redox potentials by novel mesophilic gram-positive bacteria. Hydrometallurgy 63, 181–188. doi: 10.1016/S0304386X(01)00224-9


 Yue, G., Guezennec, A.-G., and Asselin, E. (2016). Extended validation of an expression to predict ORP and iron chemistry: application to complex solutions generated during the acidic leaching or bioleaching of printed circuit boards. Hydrometallurgy 164, 334–342. doi: 10.1016/j.hydromet.2016.06.027


 Zhang, R., Hedrich, S., Jin, D., Breuker, A., and Schippers, A. (2021). Sulfobacillus harzensis sp. nov., an acidophilic bacterium inhabiting mine tailings from a polymetallic mine. Int. J. Syst. Evol. Microbiol. 71:004871. doi: 10.1099/ijsem.0.004871 

 Zhou, H.-B., Zeng, W.-M., Yang, Z.-F., Xie, Y.-J., and Qiu, G.-Z. (2009). Bioleaching of chalcopyrite concentrate by a moderately thermophilic culture in a stirred tank reactor. Bioresour. Technol. 100, 515–520. doi: 10.1016/j.biortech.2008.06.033 


Copyright
 © 2024 Falagán, Sbaffi, Williams, Bargiela, Dew and Hudson-Edwards. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1359991-g005.jpg
NMDS2

Bray NMDS
anc o

05

o8 8

05

05

A, A
00 SN

05

1o
NMDS1

i0

s oo

0s

1o

0

65 oo

os

1o

puz

veis

Medium_type

©eee00ccc e
E§8SF55E8RFE

Time_point





OPS/images/fmicb-15-1359991-g006.jpg
Phylum 9
[l feonacoion
[ .
[
Il Ferioses 3
B rvowion ) + 1
I Frooncers 3
[l memopiasmatoa ) 2
£
I momonoon
oy = press— i -I---.- LI R | ]|
Aetnobacieiora  Acdmcrobia  AMBI
Acnobacioioa  Addmrobum  AMBU
Actnobacieiota  Addtermonss  ACTR s o ¢ m—
nctnobacioioa  Addini AT e s ] —
Acinobacierea  Cannebacierum  Cory. i —
Acinovacuicin  Fermeronum | Fen —
Backerodon  Prownphium Pt e . —
Crenarchaso  Sufoonus Iy o 2 I
Femoutes  Acobaciius xcs e —"
Fimcdes  Amerococcus A b —_—
Fimais  Cocopobacier  Cals oy
Fimaes  Capoeipoducens  Capr. o 2 8
Firmicutes Clostridiaceae Clos. Set size
Fimades  Fimicues INPFEP2 FIR B N
Fimciss  Sponaerobacer  Spo. B
Fimodes  Sulooaclacese  SFB 7
Fimees  Sdobechame oo, !
Fimicues  Sulobacius sres s <6
Firmicutes Bolamarmberiat e, 3
Fimicutes Tsierela Tiss. & 4
Niosproa  Lepospinlum LT HE
Acetobacteraceae 8 3 3
Proteobaceria A7 e H
Proeobacteia  Addibacter AcR £, 2
Prowovactera  Addferobacer  AFB
Proteobacteria  Acidiphilium ACPH. 1 1 1
Acdimobaciacese
oo (D A o BEE =
proeovacteia  Acthobacius  ATH
Proteabactoia  Envyobacer  Enty.
Prowonactora  Escherchia Shigel £-5
Proteobacieta  Ovslobacteaceds Ol 4o o —
Prowomactera  Preudomonss | Pseu i . re—
Cana
Themoplasmatota i
Mehanomethyophius
Themoplasmatota Cunculpasma® Cun. §oc 0 -
Themepasmaios Themopisma  Ther,
Themopasmaicee e e v
Themopiasnaio Themo Theta e
Themoiogeia  Defloga Detl & ]

Set size





OPS/images/fmicb-15-1359991-g003.jpg
Relative abundance (%)

M J[me ][Tms W||M5|M5HM7||MB
e

= Il. EEEpEE =
- l

Genus.
1B v, pronarcn, g:Sutoous
[ —,
o, prAct, gAcOmicoa
o 1 kBac, phct, gAcdmirobiom
s [ —

il |l || - cBac,pAcl, g Ferrimcrobum
= ] oty
o keBac, p:Firm, g:Caproiciproducens

008

25

Ko, pFim, gFemetos YNPFEP2
B KBac, pFirm, g:Sporanaerbacter
kBac, piFirm, g:Sulfobacilacez
8o, pFem, g Sulchactaceasurcut.
o, pF, g Sutobackus
o I B, e, gLepospim
ot o, o, g Aceobactraceso ncut

K, pProl, g Acdbacter
e
o
0
o

100

5%
s
25

o

& € T € @ @ T @
&S S &

o2y

25

o8y

209






OPS/images/fmicb-15-1359991-g004.jpg
Bray PCoA

3 e
38988 ESsvgzgssese
m Mtﬁ*titt**
:
m M
1 - 4
Y 4
[ »
M_ 3
d
.
“““““““““““““““““““““““““““““““““ " R ————
3

$
|
3
4

10

05
0.
05

(%1L'L2)2w00d

00 04
PCOA1(56.65%)

04

08





OPS/images/fmicb-15-1359991-t001.jpg
End values

Media composition (mg/| Metal concentration (mg/L)
Mg | NH | pog - - 2o Redoxpotential  Dominant
(mV vs Ag/AgCl) genus
W ) W a5 | 2em0 | osses | aas | 203 | sLiser asoss Acitiobacils
woow w W 45| 2eer | eses | s | Bswos | wass P Acditiobacils
W 0 W | 45| 2e00 | maes | weso | dzes | sisen ase Additiobacils
W 5 w45 | 2ser | mises | sows stz a2 Aciitiobacils
we | ows o w 15 w | 4| 20 sos | wowse | mowe | seselo s Acditiobacils
Mo 1 . 5| asor | mawa | ows | ie7 | eses a2 Aciitiobails
W o W | s | o0 | soses | uss0 wiste w5712 Acditiobacils
Moo 0 . s | asmo | sowr | zeses | maws | siens 1015 Aciitiobails
woow o . o | aew0 | teres | amws | maes | sews w2 Acitiobacils
W o W 4| sewr | mswes | s | maos | ssass asie Addtiobacils
W ™ w45 | sews | maoes | sen | waws | ssas ans Aciitiobails
W 100 W 4| sewr | aaie | osen | waos | seass asio Acditiobacils
Moo B W | as | sowr | oaises | ey | e | sans aie Aciitiobails
ac | oMo = W 4| sowr | oaases | wem | wawd | ssess asi2 Acditiobacils
Mo w1 o 55| as00 | mees | memz | esos | sl an Acidthiobacilus
W o W s | ameo | sz | sms2 | a7 | sleo 718 Acditiobacils
Moo o o s oameo | emes | mes2 | ol | srses 519 [or—
W o . o | aa0 | uames | wsess | a3 | sl iz Sulobacilus
W s W | a5 | oamer | zises | apen | sess 2001 asi Sulbbacts
W 0 W 45| sewn | ogensie | ames | s 30 e Sulbacilas
W 109 W | a5 | amea | memns | s | e 2001 aious Sufobacts
W P w45 | osawa | ez s snas07 s4s1 aisss Sulbbactis
ac | ows o » w45 | soee | emses | | wesr S0 aiss2 Sufobacitis
Mo s o s asw2 | aem0s | sess | wawes 2001 assz Sulbbacts
W 0 w | s | amer | om0 | mmso | sssi0s 2711 sz Sulbacilus
Moo o o s | ame oms | ws2 | dessos 27 si2e10 Sufobacts
W 0 . o | aew2 | ames | oo | selser 262 525520 Sulobacilas
seowmw s W a5 | suee | slsis | oo wews | ssass ssant [o—
woow P W 4| osmer | mses | mes2 | a0z | ssselo ez Unkaown
W 109 W as | sawa | slaes | amm | waod | sessls sras Unaown
W 5 w4 | sneo | w2 | msar | s | o sious [o—
oo 5 W as | aaer | oaae | o ms0s | smaso sosis Unkaown
Mo » s . s el | nses | ez w02 | s sirss Unaown
W 0 W | s | 2eer | seess | owaw | maos | sses e Unknown
Mo ow o . s oamea | oeoms | sew | a4 | onasd s Unaown
W o o o | amer | ossea | e srsan sosszz [or—
wc | w o s W e oaaes | wass | wen ssss62 Gt Suliobus
woow w w4 | amer | smes e sasess arss Sulbiobus
W 109 W 45| 2o eames | wsens | waws | sz ez Sulflobus
W 5 W a5 | oseer | gemls | mmrs | wawa | s ano Sulobus
Mo » W a5 | sewn | seams | s waes | s s Sulbobus
Mo o» 1 . 6 aaer | mies | e | a2 | o st Suloiobus
W o W | s | ame0 | emss | eest | waws | szses 215 Sulbiobus
Mo o o s oaser | seems | deso | wewes | ooz e Sulbobns

Mo 2 o o 0 | 2a 259849 S67430 368206 98224 a7e11 Suloobus





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Nutrient optimization in bioleaching: are we overdosing?



		1 Introduction



		2 Low-grade ore background



		3 Materials and methods



		3.1 Mineral



		3.2 Microbial enrichments



		3.3 Nutrient optimization experiments



		3.4 Biomolecular analyses and statistics









		4 Results and discussion



		4.1 Nutrient addition effect on iron oxidation



		4.2 Nutrient addition effect on metal dissolution



		4.3 Microbial community composition









		5 Conclusions and further research



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1359991-g001.jpg
17

a

E
soseosog oo
g282g8282zsg
28882 %335R
A

(Aw) 15AY/BY s peuslod xopant

1

12

10

Time (days)

Time (days)

12

10

559
6

°
S o o ore o o o &
sg2gaagesae
R83AB2TRSER

(Aw) 198v/Y s [emalod xopag

o oo o9 9299

S28R2828 32
B8 8aR2%SsAH

(Aw) 198/ s [ematod xopag

300 +

Time (days)

Time (days)

Media with ammonium

M1
M2
—-M3
—-Md

60°C

°
o

0
S 2
R 8

600

(Aw) 103V s:

M5
—-M6
—--M7

s
2
N

Media without ammonium

-
—-M$
—-M9

o
28
s 2

Tenuajod xopax

14

12

10

Time (days)





OPS/images/fmicb-15-1359991-g002.jpg
800
700
600

= 500

E 400

£ 300

2n(mg/L)
2

50
a5
] { i o
i i % 3> ks
o B vlx o o A 9 Ex =
b2 R 3s4 3 i : 8 i
L S 2 . B @ WE g
] 2 3 4 L] 6 3 8 9 = 1 a 5 6 7 8 9
Media Media
a1
39
i 3 i
3 37 l I ! i i
¥ I
H 3 T togod
s ba H i E g = o 5
. . Lo 31
. 29
27
i 2w s % o e s 1 & 5 & gr @ 99
Media Media
3 i g i e30°C x;
i ; i : .u:c m Media with ammonium
*48°C Ms
3 i & es5°C M6
e60°C M7

Media

M8 Media without ammonium
M





OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Nutrient optimization in
bioleaching: are we overdosing?












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






