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Abstract

:

Bioleaching, a process catalyzed by acidophilic microorganisms, offers a sustainable approach to metal extraction from sulfide minerals. Chalcopyrite, the world’s most abundant copper sulfide, presents challenges due to surface passivation limiting its bioleaching efficiency. Also, indigenous species and microbial communities may present high copper extraction rates and offer new possibilities for application in bioleaching processes. This study examines the bioleaching potential of microbial isolates and communities obtained from Amolanas Mine in Chile. Samples were collected, cultivated, and identified by Sanger sequencing. The bioleaching potential and biofilm formation of isolates and enrichments were evaluated on pyrite and chalcopyrite. The results show the isolation of nine Leptospirillum and two Acidithiobacillus strains. The bioleaching experiments demonstrated good copper bioleaching potentials of the Leptospirillum I2CS27 strain and EICA consortium (composed mainly of Leptospirillum ferriphilum, Acidiphilium sp., and Sulfobacillus thermosulfidooxidans), with 11% and 25% copper recovery rates, respectively. Microbial attachment to the surface mineral was not mandatory for increasing the bioleaching rates. Our findings underscore the importance of indigenous microbial communities in enhancing copper bioleaching efficiency.
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1. Introduction


Bioleaching is described as the oxidative dissolution of metal sulfides (MS) catalyzed by acidophilic microorganisms [1]. These microorganisms oxidize Fe(II) ions and/or inorganic sulfur compounds (ISCs). The resulting Fe(III) ions attack the sulfide moiety, and the oxidation of ISCs generates sulfuric acid [2,3]. Chalcopyrite (CuFeS2) is the world’s most abundant primary sulfide, and it needs to be exploited in major amounts in the future for copper bioleaching. Copper recovery from chalcopyrite through biohydrometallurgical processes has been challenging due to mineral surface passivation, leading to very low copper recovery at mesophilic temperatures (<40% in comparison to fresh chalcopyrite) [4,5]. The formation of passivation layers (elemental sulfur and jarosites) may be due to the temperature range, the presence of microorganisms, a high concentration ratio of Fe(III) to Fe(II), and the Cu(II) concentration, varying the passivation redox potential (ORP) from 475 to 635 mV (vs. Ag/AgCl with 3.5 M KCl) [6,7,8].



Biofilm formation on MS surfaces is a fundamental process that may influence their dissolution [9]. In some cases, it could lead to the formation of a passivating layer, which might cause a negative effect on chalcopyrite dissolution, resulting in low bioleaching rates [10,11]. Biofilm cells are usually embedded in extracellular polymeric substances (EPS), which mediate cell attachment to MS, allow water retention, and contribute to the accumulation of Fe(III) ions, which, at appropriate rates, contribute to MS oxidation [12]. EPS are frequently composed of proteins, carbohydrates, lipids, and DNA, although their composition changes according to microbial species, type of surface and/or electron donors, and growth phase, among others [13].



Bioleaching environments present temperature gradients that affect microbial community composition [14]. At mesophilic temperatures (15 °C to 39 °C), the most frequent iron (II)-oxidizing acidophile genera isolated in bioleaching environments are Leptospirillum, Acidithiobacillus (At.), Acidiferrobacter, and Ferroplasma. At moderate thermophilic temperatures (40 °C to 59 °C), Sulfobacillus, Ferrimicrobium, and Fervidacidithiobacillus caldus (ex. Acidithiobacillus caldus) are the most dominant microorganisms found [3,15,16]. Together with the leaching temperature, the microbial communities possess different carbon uptake mechanisms; mesophiles are mostly autotrophs, while some moderate thermophiles are mixotrophs. A diverse set of competence, synergy, and mutualistic interactions occur in bioleaching environments [17].



Acidophile species have been isolated and applied to copper bioleaching assays in single or mixed cultures for years. Interestingly, it has been observed that indigenous acidophiles show higher metal tolerance than laboratory-maintained strains when applied to low-grade or other types of ores [17,18,19]. The Amolanas Copper Mine is located 100 km from Copiapó, in the Atacama Region, Chile. It is in a mountainous area about 2200 masl. In this study, we aimed to isolate indigenous bacteria and enrich microbial communities from the Amolanas Copper Mine to study their biofilm formation and MS bioleaching potential.




2. Materials and Methods


2.1. Mine Sample Collection


Samples were collected from three different places in the Amolanas Mine, Copiapo, Atacama Region, Chile (−28.07333, −70.03366): a pregnant leach solution (PLS) pond, an underground well, and an oxide leaching heap (Figure 1). At the PLS pond, sediment samples were collected. Samples of rock and water were collected at the underground well. At the oxide bioleaching heap, samples were collected from the surface, at 30 cm deep, and from the leaching solution outflow. The mineral characterization of the primary ore consisted of chalcocite (Cu2S) (0.1%), chalcopyrite (CuFeS2) (0.2%), bornite (Cu5FeS4) (0.4%), pyrite (FeS2) (0.01%), chrysocolla (Cu2_xAlx(2H2Si2O5)(OH)4·nH2O) (2.4%), malachite (Cu2CO3.(OH)2 (0.5%), atacamite (Cu2Cl·(OH)3) (0.01%), Cu native (0.02%), cuprite (Cu2O) (0.1%), Cu-biotite (0.2%), kaolinite (Al2.Si2O5(OH)4) (1.7%), clays (2.7%), quartz (42.6%), phlogopite (0.6%), K feldspar (23.6%), plagioclase (6.3%), sericite (11.5%), chlorite (1.4%), calcite (CaCO3) (2.1%), siderite (FeCO3) (0.2%), Fe oxides/hydroxides (0.3%), and others (2.9%). The samples were aseptically collected in 50 mL sterile polypropylene tubes, transported, and stored at 4 °C until analysis.




2.2. Enrichment and Growth Conditions


The samples were inoculated with 10% w/v or v/v and enriched in MAC medium, sterilized by autoclaving at 121 °C for 20 min, for iron- and sulfur-oxidizing acidophilic microorganisms. The MAC medium contained (NH4)2SO4 (0.13 g/L), H2SO4 (0.9 g/L), KH2PO4 (0.03 g/L), MgCl2·6H2O (0.03 g/L), CaCl2·2H2O (0.2 g/L), MnCl2·4H2O (0.1 mg/L), ZnCl2 (0.07 mg/L), CoCl2·6H2O (0.1 mg/L), H3BO3 (0.03 mg/L), Na2MoO4·2H2O (0.01 mg/L), and CuCl2·2H2O (0.09 mg/L) [20]. The pH of the medium was adjusted to 2.5 with sulfuric acid 98% (v/v). The medium was supplemented with Fe(II) as FeSO4·7H2O (4 g/L) or potassium tetrathionate (0.3 g/L), with or without yeast extract (YE; 0.02%), and filter-sterilized (0.02 µm pore size) [21,22]. Microbial enrichments were cultivated at 30 °C, 37 °C, and 50 °C at 150 rpm for 15 days. The enrichments were then subcultured twice at 10% v/v in fresh MAC medium, as described above.




2.3. Isolation and Characterization of Iron-Oxidizing Acidophile Bacteria


The microorganisms were isolated using two methodologies. First, double-layer solid medium plates were prepared with sterile MAC medium (pH 1.7) and Phytagel as a gelling agent, supplemented with Fe(II) (4 g/L) [23,24,25]. The plates were incubated at 30 °C and 37 °C for 30 days, and the grown colonies on the solid MAC medium were purified through a dilution series up to 10−8 and subcultured in MAC medium plus Fe(II) (4 g/L) twice. Second, dilution-to-extinction series up to 10−8 were prepared from the enrichments and then cultivated in MAC medium (pH 1.7) supplemented with Fe(II) (4 g/L) or potassium tetrathionate (0.3 g/L), with 0.02% YE for thermophilic enrichments [26,27]. The subcultures were incubated at 30 °C, 37 °C, or 50 °C at 150 rpm for five days. This dilution series process was repeated at least four times to purify the microorganisms. The isolates were cultivated with filtered sterilized Cu(II) (16 g/L), provided as CuSO4 to inhibit heterotrophic bacteria. The original enrichments were also kept for additional analysis. The enrichments and isolates were cultured, concentrated at 1010 cells/mL, and cryopreserved in dimethyl sulfoxide (DMSO) 8% at −80 °C. The cultures were tested for their iron- or sulfur-oxidizing capacity by adding Fe(II) (4 g/L) or 1% (w/v) S0 (sterilized at 100 °C for 30 min), respectively, with growth at temperatures at 30 °C, 37 °C, 40 °C, and 45 °C using Fe or S as electron donors. One isolate from each sampling place was tested for NaCl tolerance at 11.7, 17.5, and 23.4 g/L (200 mM, 300 mM, and 400 mM, respectively).




2.4. Molecular Identification and Characterization


For molecular identification, cells from each isolate were collected from 100 mL of the culture by centrifugation at 9600 rpm for 10 min. The cell pellets were washed twice with sodium citrate (2.6 g/L) [28]. The total DNA from each isolate pellet was extracted following the protocol of the ExgeneTM Cell SV kit (GeneAll Biotechnology Co., Seoul, Korea) and stored at −20 °C. The DNA quality and concentration were checked with a Nanodrop Take3TM plate of EpochTM spectrophotometer (BioTek Instruments, Winooski, VA, USA).



The 16S rRNA gene from each isolate was amplified by PCR using the universal primers 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). The amplicons were sequenced by Sanger at the Omics Technologies and Sequencing Unit of the Pontificia Universidad Católica, Santiago, Chile. The obtained sequences were edited manually with BioEdit 7.2.5 and MEGA 11: Molecular Evolutionary Genetics Analysis version 11 [29], and analyzed using the Ribosomal Database Project (RDP) and the classifier tool to identify the isolates.




2.5. Microbial Composition Identification


DNA from the enrichments was also extracted as described above, along with DNA from the isolates, and sent to the AUSTRAL-OMICS Core-Facility (Facultad de Ciencias, Universidad Austral de Chile) for 16S amplicon sequencing of the V3 and V4 variable regions of the 16S rRNA gene by using the Illumina MiSeq sequencing platform with primers 341 F (5′-CCTACGGGNGGCWGCAG-3′) and 785 R (5′-GACTACHVGGGTATCTAATCC-3′). The obtained data were processed using the DADA2 pipeline (https://benjjneb.github.io/dada2/, accessed on 25 November 2022) in R language (http://www.r-project.org/, accessed on 25 November 2022) in the Rstudio environment (http://www.rstudio.com/ accessed on 25 November 2022). The SILVA v138 database (http://www.arb-silva.de/, accessed on 25 November 2022) was used for sequence alignment and taxonomic assignment analysis of the 16S rRNA gene amplicon sequence variants (ASVs).



The DNA sequences of the strains isolated from the Amolanas Mine have been submitted to GenBank under accession numbers OR889289 to OR889299.




2.6. Mineral Preparation


The pyrite (Peru) used in this study was sterilized by cooking it with HCl 6 N for 30 min, washing it several times with deionized water, rinsing it with acetone, and drying it at 120 °C for 6 h. The chalcopyrite originated from Boliden AB mine (Stockholm, Sweden) and was described previously [11]. The chalcopyrite characterization (copper content of 29.5% w/w) and sterilization procedures were carried out following the protocol reported in [11]. Both minerals were fractioned in particle sizes between 50 and 100 µm. The pyrite was characterized by digesting it with four different types of acids (HCl, H2SO4, HNO3, and HF) and incubating it for one hour. The solution was analyzed by atomic absorption spectroscopy (AAS) in a PinAacle 900F spectrometer (PerkinElmer, Shelton, CT, USA), and it contained 46% iron.




2.7. Bioleaching Experiments


Before the bioleaching experiments, five isolated strains and two mesophilic and two thermotolerant enrichments were maintained in basal salt medium (pH 1.7) at 37 °C or 50 °C, supplemented with pyrite 1% (w/v) or Fe(II) (2 g/L) as an electron donor. The sterile basal salt medium contained (NH4)2SO4 (1 g/L), CaCl2·2H2O (0.02 g/L), MgSO4·7H2O (0.1 g/L), KH2PO4·2H2O (0.05 g/L), and NaH2PO4·2H2O (0.2 g/L), plus MAC trace elements. Pyrite bioleaching assays were performed in duplicate in 250 mL flasks with basal salt medium (pH 1.7) at a final volume of 150 mL plus 2% (w/v) pyrite (particle size between 50 and 100 µm) and Fe(II) (2 g/L). Abiotic controls were included. The cultures were incubated at 37 °C or 50 °C and 150 rpm for 30 days. Chalcopyrite bioleaching assays were conducted in triplicate in basal salt medium (pH 1.7) at a final volume of 150 mL, supplemented with 1% (w/v) sterile chalcopyrite concentrate. The chalcopyrite cultures were incubated at 37 °C or 50 °C at 150 rpm for 9 or 14 days. Abiotic controls were included. Each culture inoculum was washed twice with basal salt medium, centrifuged (9600 rpm, 10 min), and 107 cells/mL were added. The experiments were measured for cell density using a Thoma cell counting chamber under a light microscope (Zeiss, Oberkochen, Germany). The pH and redox potential (vs. Ag/AgCl with 3.5M KCl) were measured with Hanna® Instruments, HI 5222 (Woonsocket, RI, USA).



The iron and copper concentrations were measured by a UV-vis spectrophotometer (HACH DR 3900, Hach, Loveland, CO, USA) using the 1–10 phenanthroline (HACH FerroVer iron reagent) and bicinchoninate methods (HACH CuVer 1 copper reagent), respectively.




2.8. Scanning Electron Microscopy (SEM)


Chalcopyrite grains were collected after 2, 4, or 14 days of incubation and fixed in glutaraldehyde 2%. The samples were dehydrated, dried at a critical point, and sprayed with gold. Afterward, the samples were visualized in a scanning electron microscope (FEI QUANTA FEG 250, ELECMI, Zaragoza, Spain), and elemental analysis of the mineral was performed using energy dispersive spectrometry (EDS), operated at 15 kV.




2.9. Statistical Methods


Statistical significance of the differences among the enrichments, isolates, and controls in the cell density, pH, ORP, and metal concentrations were analyzed by two-way analysis of variance (ANOVA) and Tukey’s post hoc test. Significant differences were considered at a level of p < 0.05. Statistical analysis was conducted using IBM SPSS statistics (Version 22).





3. Results


3.1. Strains Molecular Identification and Characterization


Ten iron-oxidizing strains were isolated at 30 °C and one at 37 °C (IRPS17 strain) from the samples from the PLS pond, underground well, and oxide heap of the Amolanas Mine (Table 1). The I2CS27, I2CS28, I2CS29, and I2CS30 strains were isolated from double-layer plates, and the seven remaining ones were isolated by an extinction dilution technique. Sanger sequencing analysis indicated that two isolates were identified as Acidithiobacillus, and nine as Leptospirillum. A sequence comparison analysis of the 16S rRNA gene by multiple alignment showed that the Leptospirillum strains shared more than 99.9% similarity.



All strains could grow at 30 °C and 37 °C and oxidize ferrous iron. Not surprisingly, both Acidithiobacillus strains oxidized sulfur, and only four strains, IRPS15, IRPS17, I2CS21, and I2CS27, were also able to grow at 40 °C, but growth was not possible at 45 °C. The strains were also tested for growth at NaCl concentrations of 11.7 and 17.5 g/L (200 mM and 300 mM, respectively). The IPLS5, IRP17, and I2CS27 strains could grow at 11.7 g/L and 17.5 g/L NaCl (Table 2), but their growth was inhibited at 23.4 g/L.




3.2. Microbial Diversity


3.2.1. Analysis of Isolates by Next-Generation Sequencing


To support their identification, the isolates were examined by 16S rRNA gene next-generation sequencing (NGS) analysis. L. ferriphilum and At. ferrooxidans were the most representative species in all 11 isolates (Figure 2). All strains presented over 98% relative abundance, except for the I2C3031 culture, which displayed 80% of At. ferrooxidans and nearly 20% of L. ferriphilum. The taxonomic assignment made by DADA2 showed that a few percentages of the reads (the IPL5, I2CS21, I2CS27, ICS28, ICS29, and ICS30 strains) were uniquely assigned to genera (Leptospirillum sp. or Acidithiobacillus sp.)




3.2.2. Enrichment Community Composition


Four enrichments were obtained at 30 °C, two at 37 °C, and two at 50 °C (Table 1). Microbial diversity was analyzed using the Illumina MiSeq platform for 16S rRNA gene sequencing. The enrichment abundance analysis showed Leptospirillum, Acidithiobacillus, and Acidiphilium as the most abundant genera in the mesophilic enrichments (Figure 3). The E2C, E2C30, E4C37, and EICB enrichments presented over 98% of a unique species/genus (L. ferriphilum, At. ferrooxidans, or Acidiphilium sp.). The E4C30 enrichment showed particular abundance, where nearly 50% of the reads were identified as species (At. ferrooxidans), and almost the remaining 50% of reads were identified as members of Acidithiobacillus. EICA was the only enrichment that showed higher species diversity, containing 60% L. ferriphilum, 30% Acidiphilium, and around 10% Sulfobacillus thermosulfidooxidans. The abundance of the enrichments E2CS and E4C2 at 50 °C primarily presented Sb. thermosulfidooxidans (Figure 3). Some small amounts of reads of L. ferriphilum were found in both enrichments.





3.3. Bioleaching of Pyrite


3.3.1. Mesophile Cultures


Pyrite bioleaching was evaluated for five isolates and two enrichments obtained from the Amolanas Mine at 37 °C for 30 days (Figure 4). The uninoculated controls showed barely any variation in the pH, ORP, or total iron concentration. The ORP changed from around 352 to 404 mV (vs. Ag/AgCl), and the total iron concentration did not change significantly (Figure 4c–f). The Leptospirillum I2CS28 strain and EICA enrichment significantly presented the highest cell density after 30 days (<0.05) (between 3 × 108 and 5.5 × 108 cells/mL) (Figure 4a,b), whereas Acidithiobacillus IPLS5 and Leptospirillum I2CS21 significantly showed the lowest cell density (<0.05) (about 1.1 × 108 cells/mL) (Figure 4a). The pH presented a similar behavior amongst the seven mesophilic cultures; it increased to above 2 on the first day and then decreased to around 1.5 after 30 days (Figure 4c,d). The I2CS27 strain was the only one showing significantly low pH values (<0.05), of approximately 1.3 (Figure 4c). The redox potential of I2CS27, I2CS28, IPLS37, and E2CS increased sharply within the first days and remained stable at nearly 700 mV (Figure 4c,d). Acidithiobacillus IPLS5 maintained a lower ORP, reaching a maximum of 630 mV, and Leptospirillum I2CS21 and EICA enrichment reached the highest at around 730 mV (Figure 4c,d). The highest iron concentration was released by the I2CS27, I2CS21, I2CS28, and EICA enrichments (approximately 2000 mg/L), while IPLS5 and IPLS37 were not significantly (>0.05) different from the uninoculated control after 30 days of incubation (Figure 4e,f).




3.3.2. Moderate Thermophile Cultures


Pyrite bioleaching of the two thermotolerant enrichment cultures obtained from the Amolanas Mine at 50 °C for 30 days was evaluated (Figure 5). Both the E2CS and E4C2 enrichments showed identical behavior. They grew sharply after the first days of incubation (over 1.8 × 108 cells/mL) and followed an abrupt reduction (about 5 × 107 cells/mL) (Figure 5a). The pH values constantly decreased from 1.8 to 1.2, and the ORP increased sharply to 600 mV on the second day to remain steady at around 550 mV (Figure 5b). The total iron concentration did not differ significantly from the abiotic control (Figure 5c).





3.4. Bioleaching of Chalcopyrite


3.4.1. Mesophile Cultures


Chalcopyrite bioleaching was determined for four isolates and two enrichment cultures at 37 °C (Figure 6). The isolate growth displayed a period of mineral attachment within the first four days of incubation and then showed a constant increase (Figure 6a). The same performance occurred with EICA enrichment, but the E2C30 enrichment showed a continuous decline until the end of the experiment (Figure 6b). I2CS27 and I2CS28 showed the highest cell densities (over 1.8 × 108 cells/mL) (Figure 6a). The pH behavior of the IPLS5 and I2CS21 strains and E2C30 enrichment did not show any differences in comparison to the control (Figure 6c). The I2CS28 strain and EICA enrichment increased slightly (to pH 2) (Figure 6d), and the pH of the I2CS27 strain reached up to 2.5 at the end of the incubation (Figure 6c). During the experiment, the ORP of the I2CS27 and I2CS28 strains remained high, increasing from 530 to 650 mV (Figure 6c). In the case of the IPLS5 and I2CS21 strains and EICA enrichment, the ORP underwent a reduction from over 550 to 400 mV within the first days, but then they reached the same potential of over 650 mV as the IPLS5, I2CS27, and I2C28 strains (Figure 6c,d). The E2C30 enrichment was the only one that did not show a significant change in the ORP, reaching around 500 mV (Figure 6c). The evaluation of the iron release from the chalcopyrite displayed a constant release. The IPLS5, I2SC21, and I2CS27 strains and EICA enrichment presented significantly similar iron concentrations as the uninoculated control (Figure 6e,f). Only the I2CS28 strain and E2C30 enrichment showed a higher iron release (230–280 mg/L) (Figure 6e). Concerning the copper release, on day 14, the IPLS5, I2CS21, and I2CS28 strains released over 200 mg/L of copper (about 10% of copper recovery) (Figure 6g and Figure S1), whereas the EICA enrichment reached a similar concentration on day seven. The E2C30 strain did not show significant differences compared to the uninoculated control (Figure 6h). The I2SC27 strain released the highest copper concentration on day 14 (750 mg/L) (Figure 6g), recovering about 25% of copper contained in the chalcopyrite concentrate (Figure S1).




3.4.2. Moderate Thermophile Cultures


The chalcopyrite bioleaching potential of the thermophile enrichments was assessed for 14 days (Figure 7). The E2CS and E4C2 enrichments showed comparable growth, reaching the highest cell densities between days 2 and 4 (1.7 × 108 cells/mL) (Figure 7a). Both enrichments maintained a pH near 1.7 and did not change significantly compared to the uninoculated control (Figure 7b). The ORP increased from 430 to over 630 mV after two days of incubation; then, it remained steady until day 11, when it decreased to 400 mV and 500 mV for E2CS and E4C2, respectively (Figure 7b). The total iron release did not show significant differences (>0.05) between the enrichments and the uninoculated control (125 mg/L) (Figure 7c). The copper release of E2CS increased up to 200 mg/L, with nearly 7% of the copper recovered (Figure S2), while E4C2 showed the same concentration as the control (>0.05) (Figure 7d).





3.5. Biofilm Formation and Attachment on Chalcopyrite


Attachment and biofilm formation on the chalcopyrite surfaces were evaluated by SEM-EDS. Figure 7 and Figure S3 show the cell attachment of isolates to the mineral surfaces at days 4 and 14. No differences in cell attachment were observed. Individual cells could be observed at day 4, mainly in the I2CS27 and I2CS28 strains (Figure 8e,g). At day 14, it was noticed that more visible deterioration occurred on the mineral surface. Cells colonizing the mineral were recognized in the IPLS5 and I2CS21 strains, while biofilm formation was observed in the I2CS28 strain (Figure 8h and Figure S3h). All cultures presented a low atomic percentage of carbon by EDS (Figures S5–S8). The most noticeable attack on the mineral was observed by the I2CS27 strain (Figure 8f and Figure S3f), and the copper atomic percentage declined from 21.7% on day 4 to 1.1% on day 14 (Figure S6b,d), but no evident cell attachment was observed. A similar copper atomic percentage reduction was measured for the I2CS28 strain, which decreased from 20.9% to 7.5% from day 4 to day 14, respectively (Figure S7a–d).



The colonization of chalcopyrite by mesophilic enrichments after four days is shown in Figure 9 and Figure S8. Differences in the chalcopyrite surfaces were observed. The mineral of the E2C30 enrichment showed a smooth surface with no cells attached (Figure 9a). Instead, the chalcopyrite grains of the EICA enrichment seemed to have more attached cells on the surface (Figure 9b). EDS did not show differences in the atomic percentages of copper and carbon between the enrichments at day 4 (Figure S9).



The thermotolerant enrichments showed different patterns of colonization (Figure 10 and Figure S10). While the E4C2 enrichment grains displayed a smooth surface and little evidence of colonization at days 2 and 14 (Figure 10c,d and Figure S10b,d), it was observed in the E2CS enrichment that many cells were on the smooth surface of the mineral on day 2 (Figure 10a and Figure S10a). Then, the surface became rugged, with few single cells, but with evidence of precipitates at day 14 (Figure 10b and Figure S10c). EDS detected a null carbon atomic percentage of the E4C2 enrichment and low percentage of the E2CS enrichment at day 2 (Figures S11a,c and S12a,c), while the carbon percentages were 31.2% and 30.8% at day 14 for enrichments E4C2 and E2CS, respectively (Figures S11b,d and S12b,d).





4. Discussion


4.1. Microbial Biodiversity of the Amolanas Mine


The extreme environments where acidophilic bacteria and archaea thrive possess low complexity in their biodiversity, mainly due to low pH, high concentrations of heavy metals, and a low carbon source, which limit them to a few groups of microorganisms [30]. Here, we isolated predominantly Leptospirillum and Acidithiobacillus strains at mesophilic temperatures. Leptospirillum and Acidithiobacillus, the dominant bacteria found in our results, coincide with previous phylogenetic analysis, which showed that both genera are the most frequent microorganisms isolated worldwide in copper mine environments [3,31,32].



Acidophiles, in general, have been isolated by extinction dilution or double-layer solid medium techniques. Extinction dilution points to isolating the predominant microorganism in the culture. Here, we identified four strains using the double-layer technique and seven using extinction dilution (Table 1). NGS analysis confirmed their identities, and it was observed that the I2C3031 culture presented nearly 80% At. ferrooxidans, indicating extinction dilution worked in six of the seven cases (Figure 2). Likewise, the I2CS27, IC2S28, ICS29, and I2CS30 strains isolated by double-layer solid media displayed a few traces of other microorganisms (Figure 2), demonstrating that this methodology was equally effective as extinction dilution.



Acidithiobacillus IPLS5, Leptospirillum IRPS17, and I2CS27 showed relatively high chloride tolerance (17.5 g/L; 300 mM) (Table 2), though their growth was slower. Also, the strains were cultivated at 23.4 g/L (400 mM), but growth was not observed. Similarly, L. ferriphilum DSM 14647T displayed a delay in the maximum cell density, which went from 52 h to 84 h when NaCl (11.7 g/L) (200 mM) was added [33]. Previous studies showed that strains of L. ferriphilum and At. ferrooxidans tolerated NaCl maximum concentrations near 17.5 g/L [34,35]. Studies have focused on microorganisms able to tolerate high chloride concentrations, which could inhibit acidophile growth and affect the bioleaching rate [36]. Chloride-tolerant acidophiles, such as the strains isolated in this study (Table 2), could have enormous potential to be applied to ores containing Chilean minerals like atacamite, where the chloride content is elevated. Also, adding chloride solutions to the process might enhance leaching rates and modify sulfur deposits, allowing leaching to continue [37,38].



The characterization showed that all strains were iron-oxidizing, and both Acidithiobacillus strains could also oxidize sulfur, as expected (Table 2). Although phylogenetic analysis showed Leptospirillum strains had a similarity of 99.9%, the growth test at different temperatures showed that the IRPS15, IRPS17, I2CS21, I2CS27, and I2CS30 Leptospirillum strains could grow up to 40 °C (Table 2). This suggests that these five isolated strains might be part of Leptospirillum group II, whose representative species is L. ferriphilum. Their growth was reported to occur at temperatures up to 45 °C [30]. In contrast, the I2CS22, I2CS28, I2CS29, and ISPL37 Leptospirillum strains might belong to group I (L. ferrooxidans), which grow at temperatures lower than 40 °C [30,39]. This preliminary characterization gives some insights to elucidate the classification. Leptospirillum isolates could be separated into at least two different types. More analysis must be carried out, such as multi-locus sequence analysis (MLSA), C+G, and polar lipid composition, to determine their exact taxonomic classification and complement the 16S rDNA sequence results [25,40].



L. ferriphilum and At. ferrooxidans were the most abundant species identified in the mesophilic enrichments (Figure 3). The EICB culture was the only enrichment containing predominantly Acidiphilium, a dominant heterotrophic bacterium found in acidophilic environments (Figure 3) [31]. Acidiphilium spp. interacts mutually with iron- and sulfur-oxidizing acidophiles, metabolizing small-molecular-weight organic compounds that could be toxic for autotrophic bacteria [30]. In the case of EICA enrichment and thermophile enrichments E2CS and E4C2, the occurrence of Sb. thermosulfidooxidans was observed (Figure 3). This Gram-positive bacterium is an iron- and sulfur-oxidizing facultative mixotroph acidophile widely found in extreme environments, such as copper mines [32]. Although Sulfobacillus is a moderate thermophile whose optimal temperature varies between 40 and 59 °C, including the species Sb. acidophilus, Sb. thermosulfidooxidans, and Sb. thermotolerans, among others [32], it could also be found at mesophilic temperatures, e.g., Sb. benefaciens, whose optimal temperature is between 15 and 39 °C [3,30]. At moderate temperatures, F. caldus is well-characterized, growing optimally at 45 °C [32]. This microorganism was found in a low relative abundance percentage within enrichments grown at 50 °C (<0.5% relative abundance), grouped in the “others” category. Interestingly, nearly 2% of the relative abundance of L. ferriphilum was identified in both thermotolerant enrichments, E2CS and E4C2 (Figure 3). One study reported a Leptospirillum strain named L. thermoferrooxidans growing up to about 45 °C or higher, but the strain was lost [41,42]. In stirred tank reactors operated using a copper concentrate from black shale ore deposits at temperatures 42–46 °C, L. ferriphilum was identified with 3% abundance [43]. Archaea ASVs (Acidianus spp. and Sulfolobus spp.) were also found in the thermotolerant cultures, even though their relative abundance was lower than 0.2%.




4.2. Bioleaching of Metal Sulfides


We evaluated the pyrite bioleaching potential of strains and enrichments obtained from the Amolanas Mine for 30 days. The mesophilic Leptospirillum and Acidithiobacillus isolated strains and the E2C30 and EICA enrichments reached redox potential values near 700 and 630 mV, respectively (Figure 4c,d). These potentials coincide with those of previous studies that reported values up to 745 mV and 645 mV [11,42,44]. Although the EICA enrichment contained other predominant species of microorganisms (Sb. thermosulfidooxidans and Acidiphilium sp.), apart from L. ferriphilum, they could not counteract the Leptospirillum influence on potential. Also, the potential was affected by the initial Fe(II) (2 g/L) concentration. The IPLS37 and IPLS5 strains and thermotolerant enrichments were the only cultures with an equal or lower total iron concentration than the abiotic control (Figure 4e and Figure 5c). Prior research has demonstrated that iron might precipitate as hydroxides or sulfates at pH < 2, declining the solubilized iron [45,46,47,48]. Fe(III) concentrations above 3 g/L could lead to jarosite precipitation [49,50]. Also, Fe(III) presented in the culture could have formed heavier complexes with sulfates and hydroxides and decanted before the measuring sample was collected, which could explain the low total iron concentration. Furthermore, precipitate formation and sulfur oxidation could acidify the cultures and lower the pH [3,48,51]. As seen in the experiments, when almost all of the Fe(II) was oxidized into Fe(III), causing the pH to rise to nearly 1.9, the precipitates formed, and finally, the pH declined gradually to 1.5 (Figure 4d and Figure 5b). Thermotolerant enrichments presented a lower redox potential compared to mesophilic cultures near 500 mV (Figure 4d and Figure 5b). It was observed that the redox potential decreased at high temperatures, which was related to the absence of L. ferriphilum and the presence of Sb. thermosulfidooxidans [11,43]. This weak iron-oxidizing bacterium, the most abundant in the enrichments, was characterized for maintaining a low ORP close to 550 mV. Low redox potential values are convenient for the design of acidophilic consortia, which may improve copper extraction in bioleaching processes [11].



Microbial communities are implicated in several challenges for copper recovery from chalcopyrite, such as low bioleaching rates and passivation, which must be overcome [6,11]. This study was focused on indigenous acidophiles from the Amolanas Mine and their potential to recover copper from chalcopyrite to improve copper bioleaching processes. The mesophilic strains and EICA enrichment growth on the chalcopyrite had different behavior than on the pyrite. The cell densities and redox potentials did not reach the high values compared to the pyrite (Figure 4a–d and Figure 6a–d). The cell growth on the pyrite was almost double that of the growth on the chalcopyrite, and the potential redox took longer to reach a maximum of 650 mV. The redox potential of the I2CS28 strain and E2C30 enrichment on chalcopyrite was significantly lower (near 500 mV) in comparison to the growth on pyrite (Figure 4c,d and Figure 6c,d). This could be explained by the addition of Fe(II) in the pyrite leaching assays, which stimulated higher growth and increased the redox potential when Fe(II) was oxidized to Fe(III) [3,42]. The effect of the elevated Fe(III)/Fe(II) ratio, and mainly the acid consumption of chalcopyrite, was also reflected; it was observed that the pH remained stable in the chalcopyrite leaching assays (no Fe(II) supplemented), in contrast to the pyrite ones (Figure 4c,d and Figure 6c,d). This coincides with previous studies, where excess Fe(III) caused precipitate formation and, consequently, decreasing pH values [48,51]. Interestingly, both the I2CS28 and E2C30 cultures released more total iron (>200 mg/L) than the other mesophilic cultures (Figure 6e,f). The I2CS27 strain was the most efficient copper bioleaching culture, with an almost fourfold increase in copper (700 mg/L) in comparison to IPLS5, I2CS21, and I2CS28, and a total copper recovery of 25% after 14 days of bioleaching (Figure 6g and Figure S1).



The I2CS27 strain and EICA enrichment released the highest copper concentrations after seven days of incubation (255 mg/L and 320 mg/L, respectively) (9% and 11%, respectively) (Figure 6g,h and Figure S1). The differences between the iron and copper concentrations for each culture could be due to the covellite and chalcocite formation by Cu(II)—Fe(II) substitution, which might precipitate [52]. Recent studies showed that the At. ferrooxidans DSM 14882T strain and an F. caldus DSM 8584T—Sb. thermosulfidooxidans DSM 9293T co-culture recovered 34% and 15% of copper after 14 days, respectively, using the same chalcopyrite concentrate [11,53]. Here, we report the indigenous Leptospirillum I2CS27 strain and EICA enrichment, which present promising copper bioleaching rates. Subsequent subculture conditioning experiments may help to improve copper release. Surprisingly, the release of iron and copper by thermotolerant cultures was minimal compared to the mesophilic cultures.



SEM-EDS analyses of the chalcopyrite surface during leaching showed, in general, low degrees of cell attachment. Degradation of the mineral grains was enhanced over time in all cultures. The strains and enrichments that showed the most iron and/or copper release presented more mineral damage and debris on their surface, namely I2CS27, which released the highest total copper concentration after 14 days and the highest sulfur atomic percentage on the surface on day 14 (Figure 8f and Figure S6). In contrast, the E2C30 and E4C2 enrichments did not have significant iron and copper releases at days 2 and 4, respectively, and displayed smooth surfaces (Figure 9a and Figure 10c). The E2CS and E4C2 thermotolerant enrichments shared similar biodiversity, characterized almost totally by the abundance of Sb. thermosulfidooxidans. However, the E2CS enrichment released nearly 200 mg/L of copper (a total copper recovery of 8%) (Figure 7d and Figure S2), presented more cell colonization at day 2, and rugged chalcopyrite grains after 14 days (Figure 10a,b). This suggests that both enrichments could differ in biodiversity, though deeper identification studies are needed. Our results show that copper release occurs with low cell attachment, which might indicate cell–surface direct contact was not required for metal release. In the case of the E2CS and E4C2 enrichments, Sb. thermosulfidooxidans presented low adhesion and fast detachment rates, and they were weak iron-oxidizers, as reported previously [54]. The enrichments might have produced a low Fe(III) concentration, an essential agent for mineral attack and initial adhesion [42,54]. In addition to SEM-EDS analyses, epifluorescence microscopy (EFM) assays with diamino-2-phenylindole (DAPI) [55,56] were carried out to evaluate isolate and enrichment colonization on chalcopyrite, but minimal epifluorescence signals were obtained, confirming the information shown by SEM-EDS analyses.



The colonization of the chalcopyrite grains by the strains and enrichments was typical of single-cell monolayers, decreasing their presence in later days. It has been seen that during bioleaching, the cells remain mostly planktonic [3], and biofilms are characterized as monolayers with selective attachment sites [3,9]. The E2CS28 strain was the only one that evidenced biofilm formation with EPS at day 14 (Figure 8h). Also, SEM-EDS analysis indicated the accumulation of lighter elements, such as carbon. The redox potentials in the chalcopyrite experiments were higher in comparison to the optimal redox potential recommended for copper recovery (415–435 mV) [7], and exceeded the value when passivation occurred (>475 mV) [8]. Also, only the I2CS27 strain presented a rise in the sulfur atomic percentage on chalcopyrite grains, which could be associated with high chalcopyrite bioleaching and the beginning of a passivation process.





5. Conclusions


The results highlight the promising metal sulfide bioleaching potential of a novel Leptospirillum I2CS27 strain and EICA community obtained from the Amolanas Mine. The redox potential was more favorable when the iron concentration remained low in the chalcopyrite experiments, although enrichments with high Sb. thermosulfidooxidans abundance could require small amounts of Fe(III) to improve copper bioleaching. In general, the strains and enrichments did not show a high biofilm formation capacity, yet the Leptospirillum I2CS27 strain and EICA enrichment displayed high copper bioleaching rates with no observable attachment. Therefore, discovering new indigenous acidophiles could be a promising tool to apply in situ during bioleaching, although following studies on reactors must be carried out to evaluate and complement their potential.
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Figure 1. (a) Map of Chile highlighting the location of the Amolanas Mine in the Atacama Region in northern Chile. (b) Highlighted zones of Amolanas Mine. 
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Figure 2. Relative abundance of mesophilic isolates obtained from the Amolanas Mine samples, obtained by Illumina NGS analysis. Genera/species that represented ≤1% were classified as “others”. 
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Figure 3. Relative abundance of the enrichments at 37 °C and 50 °C obtained from the Amolanas Mine samples. Genera/species that represented ≤1% were classified as “others”. 
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Figure 4. Pyrite bioleaching of mesophilic isolated strains and enrichments from the Amolanas Mine. The panels show the cell density (a,b), pH and ORP (c,d), and total iron concentration (e,f) of isolates (a,c,e) and enrichments (b,d,f). The triangles indicate the pH values, and the box-dotted lines represent the ORP values. 
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Figure 5. Pyrite bioleaching of thermotolerant enrichments from the Amolanas Mine. The panels show the cell density (a), pH and ORP (b), and total iron concentration (c). The triangles indicate the pH values, and the box-dotted lines represent the ORP values. 
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Figure 6. Chalcopyrite bioleaching of mesophilic isolated strains and enrichments from the Amolanas Mine. The panels show the cell density (a,b), pH and ORP (c,d), total iron concentration (e,f), and total copper concentration (g,h) of the isolates (a,c,e,g) and enrichments (b,d,f,h). The triangles indicate the pH values, and the box-dotted lines represent the ORP values. 
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Figure 7. Chalcopyrite bioleaching of thermotolerant enrichments from the Amolanas Mine. The panels show the cell density (a), pH and ORP (b), total iron concentration (c), and total copper concentration (d). The triangles indicate the pH values, and the box-dotted lines represent the ORP values. 
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Figure 8. Representative SEM images of chalcopyrite grains from mesophilic isolates after 4 (a,c,e,g) and 14 days (b,d,f,h) of incubation at 37 °C. (a,b) IPLS5 strain (c,d), I2CS21 strain, (e,f) I2CS27 strain, and (g,h) I2CS28 strain. The red bars indicate 5 µm of 15,000 ×, and the red arrows indicate cell presence. The red circle shows the biofilm formation. 
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Figure 9. Representative SEM images of chalcopyrite grains from mesophilic enrichments after four days of incubation at 37 °C. (a) E2C30 enrichment, and (b) EICA enrichment. The red bars indicate 5 µm of 15,000×, and the red arrows indicate cell presence. 
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Figure 10. Representative SEM images of chalcopyrite grains from thermotolerant enrichments after 2 (a,c) and 14 days (b,d) of incubation at 50 °C. (a,b) E2CS enrichment, and (c,d) E4C2 enrichment. The red bars indicate 5 µm of 15,000×, and the red arrows indicate cell presence. 
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Table 1. List of enrichment and isolates obtained from Amolanas Mine.






Table 1. List of enrichment and isolates obtained from Amolanas Mine.





	Sample Code
	Microorganisms
	Collection Site
	Isolation Method
	Isolation Temperature (°C)





	IPLS5
	Acidithiobacillus
	PLS pond
	Extinction dilution
	30



	IRPS15
	Leptospirillum
	Underground well—rocks
	Extinction dilution
	30



	IRPS17
	Leptospirillum
	Underground well—rocks
	Extinction dilution
	37



	I2CS21
	Leptospirillum
	Oxide leaching heap—surface
	Extinction dilution
	30



	I2CS22
	Leptospirillum
	Oxide leaching heap—surface
	Extinction dilution
	30



	I2CS27
	Leptospirillum
	Oxide leaching heap—surface
	Double-layer solid
	30



	I2CS28
	Leptospirillum
	Oxide leaching heap—surface
	Double-layer solid
	30



	I2CS29
	Leptospirillum
	Oxide leaching heap—surface
	Double-layer solid
	30



	I2CS30
	Leptospirillum
	Oxide leaching heap—surface
	Double-layer solid
	30



	I2C3031
	Acidithiobacillus
	Oxide leaching heap—30 cm deep
	Extinction dilution
	30



	ISPL37
	Leptospirillum
	Oxide leaching heap—outflow
	Extinction dilution
	30



	E2C
	Community
	Underground well—water
	Enrichment
	30



	E2C30
	Community
	Oxide leaching heap—30 cm deep
	Enrichment
	37



	E4C30
	Community
	PLS pond
	Enrichment
	30



	E4C37
	Community
	PLS pond
	Enrichment
	37



	EICB
	Community
	Underground well—rocks
	Enrichment
	30



	EICA
	Community
	Underground well—rocks
	Enrichment
	30



	E2CS
	Community
	Oxide leaching heap—surface
	Enrichment
	50



	E4C2
	Community
	PLS pond
	Enrichment
	50










 





Table 2. Strain growth under different conditions.
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Isolate

	
Temperature (°C)

	
NaCl

11.7 g/L

	
NaCl

17.5 g/L

	
Fe(II) Oxidation

	
S0 Oxidation




	
30

	
37

	
40






	
Acidithiobacillus IPLS5

	
+

	
+

	
-

	
+

	
+

	
+

	
+




	
Leptospirillum IRPS15

	
+

	
+

	
+

	
x

	
x

	
+

	
-




	
Leptospirillum IRPS17

	
+

	
+

	
+

	
+

	
+

	
+

	
-




	
Leptospirillum I2CS21

	
+

	
+

	
+

	
x

	
x

	
+

	
-




	
Leptospirillum I2CS22

	
+

	
+

	
-

	
x

	
x

	
+

	
-




	
Leptospirillum I2CS27

	
+

	
+

	
+

	
+

	
+

	
+

	
-




	
Leptospirillum I2CS28

	
+

	
+

	
-

	
x

	
x

	
+

	
-




	
Leptospirillum I2CS29

	
+

	
+

	
-

	
x

	
x

	
+

	
-




	
Leptospirillum I2CS30

	
+

	
+

	
+

	
x

	
x

	
+

	
-




	
Acidithiobacillus I2C3031

	
+

	
+

	
-

	
x

	
x

	
+

	
+




	
Leptospirillum ISPL37

	
+

	
+

	
-

	
x

	
x

	
+

	
-








+: growth; -: no growth; x: not tested.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
(@

) »%
(d
‘ng
% E
o W B o 14 &3 omoEm





media/file4.png
100 ¢

Relative abundance (%)

oo
o
[

D
-
1

S
-]
[ ]

N
-
A

B | eptospirillum ferriphilum
B Acidithiobacillus ferrooxidans
B Leptospirillum sp.

== Acidithiobacillus sp.

EEE Others





media/file18.png
L)
g
s
)

&
A7 4

Ay 4%
o AV






media/file3.jpg
100

a0

Relative abundance (%)

2

- Loptospirillum ferriphilum
Acidihiobucllus ferrooxidans
= Leptospiillan sp.

= Aciithiobacills sp.

== Others





media/file19.jpg





media/file7.jpg
(b)

H 0 0
g

Time (Days)






media/file10.png
(AW) [DSV/3V SA [e1jud}0J XOpay]

o ()] ) = ) = ()]
. o] @] (>, e ) (@)
I~ \O Lo < o) (@] i
///1- A 4 4 l. . ! L
@)
|
e _ L R
| J | | L} -/,/ ﬂ | v | | | | | | |
s 03 5 B 0% S o 3 3 S 2 S
P b 5¢ ol — — — % m w
— = i < — e
(- T ~ ok = (&) ) Uonenuaduo) uoIf [ejo
N (Tw/S[I92) Aysud( 12D — Hd S (1/3ur) uonyexn J I 18301

30

15 20 25

Time (Days)

10
E2CS —@— E4C2 —— Abiotic control

—@—






media/file14.png
(Aur) [D3V/3V "SA [ejudj0q XOpay

] o

o
e} o
(4p] (@
1 1

o
9}
1

- 700
- 600

~
\ =
\
—j = 400

N
B,

=B,

7

/
/
J

}*‘-:_
p—E<F Sg--a==
i_—‘———.————_“.___,___.+_
—= PDRP ‘

T T T
o o o
o o )

(b)

Lo = 1) ] o) ) o ) )
ol ol — — m o0 L~ \O g} =t (a9} o Aam!
Hd ~ (7/8wr) uonenyuaduo)) 13ddo) ej0],
///1
- .
i
b L 6N
v
- L 1D
—_—
3 - OO
3 > \O
- R
- - N
- - O
T T T T /I{ T T T T T T
- g8 8 8 8 8 B
— — — — — o) ol o — —
X X X
< 0 =
(o] — o]

a)

U
- (Tw/s[[39) Aysua 120 O (1/3w) uonenjuaduo)) uoij [ejo],

Time (Days)

|+ E4C2 —@— E2CS — Abiotic control





media/file11.jpg
(Aw) 13v/BY 54 reuiog xopay
B 88888

(®)

3
sl

wwmwwfmmw P EfgiRRiii gERsRiii
N [ EEREER]
&
N :
N ;
///
! -
IR I EEERE [EEXEEEE]
oo a2 B (18 voneswasuon uarp oy, B (i uopenuasuog ddes oL

‘Time (Days)
e p—e—






media/file6.png
Relative Abundance (%)

100 + — - B | ferriphilum
BN At. ferrooxidans
C— Acidiphilium sp.

80 - B Acidithiobacillus sp.
W S). thermosulfidooxidans
B [eptospirillum sp.

60 1 B Sulfobacillus sp.
B Others

40 =

20 =

0 - T

E2C E2C30 E4C30 E4C37 EICB EICA E2CS E4C2





media/file15.jpg





nav.xhtml


  minerals-14-00867


  
    		
      minerals-14-00867
    


  




  





media/file16.png
K3 l'..i

4. :
"
- \\.‘
at”
gL‘






media/file2.png
Copiapo /e

__
w
m

=
m
-
et
, ©
B
-
<]
o
=
o
O

Amolanas mine






media/file20.png





media/file5.jpg
Relative Abundance (%)

100

80

®

E20

E2C30 EAC30 EAC37 EICB

EICA E2CS E4C2

i

L feriphilunt
Al fernooxidans
Acidiphilin sp.
Aciditiobacillus sp.

Sb. thermosulfidoosidans
Leptospirillun sp.
Sulfobacillus sp.

Others





media/file1.jpg





media/file12.png
—
%)
S

(b)

2.0x108 4

1.5x10° 1

5.0x107 4

Cell Density (cells/mL)
3

107 4

2.0x10° A

1.5x10° 1

—
e

[ 700 575 - [ ——
I -
(’mz.su-‘\ /
\
(50 2] w Y T,
: P _
L 400 I—\_;-—:;;_—i___?"_/——_-.——_—-
2.00 -
- 300
1.75 4 N -
00 e ——
150 {—- om’|
(e) ®
_~
S %01 200 {
&
= 250 A 250 4
=}
k: 200 200 1
£
S 1501 150 4
S
g 100 1 100
= 50 4 50 4
=
& . . . . . . . _—
(g (h)
S %0 1
E 20 4
5
2 w1
B 500
: o
(=
o] 200 4
_
2, 200 |
% 100
S !
= 0 1 2 3 4 5 6 7 8 9
Time (Days)

—e— AL