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Editorial on the Research Topic
 Acidophile microbiology: from extreme environments to biotechnological applications




Acidophiles are found in a surprisingly wide range of environments that would be inhospitable to most life forms and they possess a wide range of adaptions to these extreme conditions. While their resilience and metabolic versatility in such hostile conditions offer invaluable insights into evolutionary adaptation and biochemical diversity, they also provide valuable enzymes and metabolic pathways that can be harnessed for various industrial purposes. This Research Topic covers 18 manuscripts that provide a comprehensive overview of acidophile microbiology, from basic research to biotechnology, and highlights the potential of acidophilic microorganisms as valuable resources for environmental and industrial applications.

From a practical standpoint, acidophile microbiology is pivotal in several industrial sectors, most notably in biomining. Acidophiles play a critical role in biomining processes by catalyzing the oxidative dissolution of metal sulfides as well as the reductive dissolution of laterites, thus facilitating the extraction of valuable metals from ores while minimizing the use of chemical leaching agents compared to traditional ore processing methods. A number of manuscripts examined acidophiles in the context of bioleaching and mineral dissolution.

The influence of microbial community and solution redox potential on the bioleaching of a sulfide mineral concentrate rich in the less studied mineral tennatite was investigated using activated carbon (Kondo et al.). Another study addressed the question if the nutrient content in the often used microbial growth media is appropriate for optimal bioleaching and identified overdosing as a problem (Falagan et al.). A challenge in biomining is to cope with high sulfate concentrations and a biochemical study of Leptospirillum ferriphilum investigated its osmotic response (Arias et al.).

Relevant for reductive bioleaching of limonitic laterites, the ferric iron bioreduction kinetics was studied in one case (Hubau et al.). while the dissolution of the most abundant mineral goethite in these ores was studied with different acidophiles (Stankovic and Schippers). A further study described that there is a negligible impact of contaminating Fe(II)-oxidizing Leptospirillum sp. on the efficiency of aerobic laterite bioleaching with Acidithiobacillus sp. (Hetz and Schippers).

While bioleaching is traditionally associated with autotrophic acidophiles a number of heterotrophic ones have also been shown to reduce Fe(III). Gonzalez et al. reviewed the possible application of acidophilic heterotrophs in situations where oxidative bioleaching is ineffective.

Biofilm formation is an important first step in the attachment of microorganisms to the mineral surface to facilitate mineral leaching. Rossoni et al. demonstrated the importance of membrane vesicles in the attachment behavior of the extreme acidophile, “Fervidacidithiobacillus caldus.”

The metabolic pathways of acidophiles can also be utilized with secondary resources of metals such as lithium-ion batteries which contain substantial amounts of critical minerals. Lalropuia et al. used a two-step bioleaching process utilizing microorganisms enriched from a metal contaminated pit lake.

Acidophilic microorganisms also have application in the bioremediation of acid-contaminated environments. Their ability to metabolize toxic heavy metals and degrade organic pollutants in acidic wastewaters underscores their potential in eco-friendly remediation strategies. However, caution must be exercised with Rosendahl et al. querying the sustainability of in-situ bioremediation of uranium contaminated sites after demonstrating the mobilization of U by At. ferrooxidans and effects on U isotope fractionation.

Acidophilic conditions result in unique evolutionary pressures leading to the development of novel enzymes and proteins. These acidophile-derived enzymes exhibit unparalleled stability and activity under acidic conditions and can find utility in diverse industrial processes. A review of the unique enzyme Tetrathionate hydrolase by Kanao describes the enzyme that is found in acidophilic sulfur oxidizing microorganisms and catalyzes the hydrolysis of tetrathionate. The structural properties and regulatory mechanisms are discussed. The novelty of enzymes identified in acidophiles also result in adaptations compared to their neutrophilic counterparts. Through the characterization of three recombinant periplasmic redox proteins from the moderate acidophile Ferrovum sp. PN-J47-F6 Ullrich et al. showed a gradual adaption of redox proteins, becoming more positive with decreasing pH. A pangenome-level analysis of nucleoid-associated proteins in the Acidithiobacillia class gave insights into their functional roles in mobile genetic elements biology (Beard et al.).

Beyond industrial applications, acidophile microbiology contributes significantly to our understanding of microbial diversity and adaptation strategies in extreme environments. The genomic and metabolic diversity among acidophiles not only broadens our taxonomic knowledge but also provides insights into universal principles governing microbial survival and evolution in challenging habitats. A number of diverse acidic environments ranging from high to low temperature and saline ones were the study of several papers. Boase et al. investigated the microbial diversity of acidic saline lakes found in Western Australia identifying multiple organisms with potential in biomining. Yellowstone National Park was the focus of a study by Kim et al. who isolated and characterized two strains of Alicyclobacillus able to tolerate both extreme temperature and low pH. These species were demonstrated to have unique metabolic adaptions to these extreme conditions. The novel genus “Igneacidithiobacillus” is described by Arisan et al. from genetic and genomic diversity and distribution patterns of both characterized and uncharacterized sequence data obtained from the geothermally active sites across the Pacific ring of fire. On the opposite climatic extreme, psychrotolerant strains of Acidithiobacillus ferrooxidans from polar and subpolar environments were characterized by Muñoz-Villagrán et al.. Cuevas et al. described the microbial communities and resultant nutrient cycling in an acidic glacial lake in Patagonia demonstrating active communities that contributed significantly to nutrient utilization and mobilization. These studies explore the unique environments with multiple stresses and the novel microorganisms that exist there. They also demonstrate the existence of acidophilic isolates that can tolerate multiple stresses to cope with the multiplicity of environments in which bioleaching may occur.

Acidophile microbiology exemplifies how extreme environments foster biological innovation and biotechnological advancement. By deciphering the intricate adaptations of acidophiles and translating them into practical applications, not only the frontiers of microbiology are expanded but also a more sustainable and technologically advanced future is possible.
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The bioleaching process is carried out by aerobic acidophilic iron-oxidizing bacteria that are mainly mesophilic or moderately thermophilic. However, many mining sites are located in areas where the mean temperature is lower than the optimal growth temperature of these microorganisms. In this work, we report the obtaining and characterization of two psychrotolerant bioleaching bacterial strains from low-temperature sites that included an abandoned mine site in Chilean Patagonia (PG05) and an acid rock drainage in Marian Cove, King George Island in Antarctic (MC2.2). The PG05 and MC2.2 strains showed significant iron-oxidation activity and grew optimally at 20°C. Genome sequence analyses showed chromosomes of 2.76 and 2.84 Mbp for PG05 and MC2.2, respectively, and an average nucleotide identity estimation indicated that both strains clustered with the acidophilic iron-oxidizing bacterium Acidithiobacillus ferrooxidans. The Patagonian PG05 strain had a high content of genes coding for tolerance to metals such as lead, zinc, and copper. Concordantly, electron microscopy revealed the intracellular presence of polyphosphate-like granules, likely involved in tolerance to metals and other stress conditions. The Antarctic MC2.2 strain showed a high dosage of genes for mercury resistance and low temperature adaptation. This report of cold-adapted cultures of the At. ferrooxidans species opens novel perspectives to satisfy the current challenges of the metal bioleaching industry.
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Introduction

The genus Acidithiobacillus comprises a number of Gram-negative acidophilic bacteria that thrive in acidic environments, such as volcanic areas including acidic ponds, lakes and rivers, sulfur springs, and acid mine/rock drainages (AMD/ARD) around the world (Núñez et al., 2017). This genus consists of a group of rod-shaped bacteria that derive energy from the oxidation of elemental sulfur and reduced sulfur compounds to support autotrophic growth by using the Calvin-Bassam-Benson cycle (Wang et al., 2019). The species At. ferrooxidans, At. ferrivorans, At. ferridurans, At. ferriphilus, and At. ferrianus can also catalyze the dissimilatory oxidation of ferrous iron (Fe2+; Amouric et al., 2011; Hedrich and Johnson, 2013; Falagán and Johnson, 2016; Norris et al., 2020). Because of their metabolic capabilities, the Acidithiobacillus spp. are important players in the biogeochemical cycle of iron and sulfur in a variety of natural and anthropogenic environments.

Members of the Acidithiobacillus genus and other iron-oxidizing microorganisms such as Leptospirillum, Acidiphilum, Acidiferrobacter, Ferrovum, Alicyclobacillus, Ferrimicrobium, Acidimicrobium and Ferrithrix are also relevant in the industrial bioleaching of sulfide minerals to recover copper and other valuable metals (Johnson and Hallberg, 2005; Schippers et al., 2014; Shiers et al., 2016). The use of these bacteria for the processing of electronic and electric wastes, and slags, and desulfurization of coal has also been explored as a very promising alternative for re-cycling and generation of raw materials (Yang et al., 2014, 2015; Priya and Hait, 2017; Auerbach et al., 2019). The bioleaching process occurs through the oxidation of Fe2+ present in sulfide minerals such as pyrite (FeS2) and chalcopyrite (CuFeS2). This process allows the bacteria to synthesize ATP for supporting cellular function and growth, and simultaneously leads to the regeneration of ferric iron (Fe3+), which conducts the chemical leaching of the minerals, thus facilitating metal solubilization (Vera et al., 2013). Biomining is thus a well-established practice characterized by requiring a simpler infrastructure as no contaminating sulfur dioxide is produced compared to traditional pyrometallurgical processes (Shiers et al., 2016).

The bioleaching of low-grade metal sulfides is often carried out in heaps of crushed or run-of-mine ores where biomining microorganisms are exposed to very harsh conditions that include high osmotic potential due to the accumulation of ions in recircularized water, a high load of toxic metals such as iron and copper, and changes in temperature or extreme temperatures determined by the climatic conditions where the industrial operation is taking place (Shiers et al., 2016). In cold environments, like those found at low and high latitudes and at high altitudes, low temperature becomes a limiting factor (Dopson et al., 2007). In Chile currently, there are a number of mining companies located in the Andes Mountains, where the temperature remains near or below 0°C for 6 months or more in the year (Escobar et al., 2010; Gentina and Acevedo, 2013).

While most species in the genus Acidithiobacillus are mesophilic microorganisms, a smaller number also include moderately thermophilic ones (At. albertensis and At. caldus). Interestingly, At. ferrivorans is an iron oxidizing eurypsychrophile that has a wide temperature tolerance (Christel et al., 2016). This bacterium has been identified and/or isolated from various cold sites worldwide including Russia and the Altiplano in South America (Hallberg et al., 2010; Liljeqvist et al., 2012; Barahona et al., 2014; Talla et al., 2014; Ccorahua-Santo et al., 2017). Of note is that this microorganism was also detected in Arctic and Antarctic iron-rich outflows (Blood Falls) through the use of molecular tools (Dold et al., 2013; García-Moyano et al., 2015). Other psychrotolerant iron oxidizers include Ferrovum myxofaciens that was detected in a permanently cold AMD system (Johnson et al., 2014) and At. ferriphilus (Falagán and Johnson, 2016), which can grow even at 5°C. In addition, the presence and leaching activity of iron and sulfur-oxidizing bacteria has been detected in ore materials and enrichment cultures obtained from low-temperature sites (Ahonen and Tuovinen, 1992; Langdahl and Ingvorsen, 1997; Elberling et al., 2000), opening the possibility that other psychrotolerant acidophiles may yet be recovered and characterized.

Mechanisms to tolerate growth at low temperature have been predicted in At. ferrivorans (Rudolph et al., 1986; Dopson et al., 2007; Liljeqvist et al., 2012; Christel et al., 2016). However, given the combination of extreme environments that arise in the industrial operation of leaching, the microorganisms must be able to tolerate and be active under a variety of conditions that also require metal and osmotic tolerance. In this way, the search for new isolates of iron-oxidizing bacteria with the required properties has gained increasing attention in the last decade as a potential alternative technology, and it is clear that more efforts have to be focused toward the isolation and characterization of these microorganisms.

In this work, we obtained, characterized and identified iron-oxidizing bacteria from Chilean Patagonia and Antarctic. Two cultures were characterized as At. ferrooxidans, and both have the ability to grow in iron, at an optimal temperature of 20°C. The ultrastructure studies highlighted the presence of intracellular polyphosphate-like deposits. The analysis of the genome sequences of these bacteria revealed interesting features concerning potential mechanisms for adaptation to metal and low temperature.



Materials and methods


Site description and sample collection

Three soil and superficial sediment samples per sampling site were collected in an abandoned lead/copper mine in Puerto Guadal in Aysén Region, Chile (46°52′13.6″S 72°40′13.1″W) and Marian Cove, King George Island, Antarctic (62°12 ′S 58°44 ′W; Figure 1), and stored in sterile flasks at 4°C until further analysis. The physicochemical analysis was undertaken using 1 g sediment sample suspended in 20 mL distilled water; afterward, the pH, salinity, oxidation reduction potential (ORP) and conductivity was measured by a multiparameter Hannah HI9828 equipment.


[image: image]

FIGURE 1
Location of the sample collection sites. The insets are close-up views of AMDs in Marian Cove (left) and the Escondida mine in Puerto Guadal (right). Map from Google Earth.


Soil samples were analyzed for Fe, S, Cu, Pb and Zn content in a Spectro CIROS Vision ICP-OES instrument using the wavelengths of 238.204, 181.975, 327.393, 220.353, and 206.200 nm, respectively. A calibration curve was constructed using commercially available metal standards (Merck) in 10% HNO3.



Enrichment cultures and growth conditions

Sediment samples were also used to inoculate in culture media to 1% w/v, and were grown aerobically in shake flasks at 20°C and constant stirring at 180 rpm. The media used were 9K [0.04 g/L K2HPO4; 0.01 g/L MgSO4*7H2O; 0.1 g/L (NH4)2SO4; 25.76 g/L FeSO4*7H2O; pH 1.6] (Rivera-Araya et al., 2020); 9KM1 [0.5 g/L K2HPO4; 0.5 g/L MgSO4*7H2O; 3 g/L (NH4)2SO4; 0.1 g/L KCl; 0.01 Ca(NO3)2*4H2O; 2 g/L MnSO4; 2.1 g/L Al2(SO4)*18H2O; 48 g/L FeSO4*7H2O; pH 1.6] (Liu et al., 2007); 9KM2 [0.5 g/L K2HPO4; 0.5 g/L MgSO4* 7H2O; 3 g/L (NH4)2SO4; 0.1 g/L KCl; 0.01 Ca(NO3)2*4H2O; 45.22 g/L FeSO4*7H2O; pH 3.3] (Dixit et al., 2018); and DSMZ 882 [0.132 g/L (NH4)2SO4; 0.053 g/L MgCl2*6H20; 0.027 g/L KH2PO4; 0.147 g/L CaCl2*2H2O; 18.40 g/L FeSO4*7H2O; pH 1.8]. The growth of iron-oxidizing cultures was followed by direct counting under an optical microscope with a Neubaüer-Improved chamber (0.02 mm, depth), and by the appearance of a reddish coloration of the medium due to the oxidation of Fe2+ to Fe3+.



Determination of optimal growth temperature

In order to determine the optimum growth temperature of the bacterial enrichment, 150 mL of fresh 9KM1 medium were inoculated at 10% v/v with enriched iron-oxidizing cultures. The cultures were incubated at 5, 20, 30 and 37°C with constant shaking at 180 rpm. Each culture was adapted by two successive culturing at each temperature. Cell growth was evaluated until the stationary phase of growth was reached, or after 14 days. Bacterial growth curves were plotted using the GraphPad Prism 8 version 8.0.2 program. For calculation of specific growth rate (μ), we selected cell densities recorded at the exponential phase of each strain, and we calculated the specific growth rate using the following equation:

[image: image]

Where k is the specific rate, N1 and N2 are the initial and terminal cell density recorded, respectively, and t1 and t2 correspond to initial and terminal time, respectively (in hours). Thus, the unit of k is h-1. The generation time (or doubling time) was calculated according to the following equation:

[image: image]



Electron microscopy

Cell morphology and size were examined by scanning electron microscopy (SEM, Hitachi) and transmission electron microscopy (TEM, Tecnai), respectively. Cell cultures in 250 mL of 9KM1 were incubated at 20°C with constant shaking at 180 rpm until they reached the late exponential growth phase. Then, the cells were collected by centrifugation and washed twice with 1 mL of 10 mM sodium citrate pH 7.0. Finally, the cells were fixed with 50% v/v glutaraldehyde solution and sent to the Advanced Microscopy Unit (UMA) of the Pontifical Catholic University (PUC), Santiago, Chile, for further treatment and analysis.



Deoxyribonucleic acid extraction

The cells were collected from 1 L culture by centrifugation at 8000 × g for 30 min at 4°C and washed twice with 50 mL of 10 mM sodium citrate pH 7.0, to eliminate the remnant iron. The total DNA from each pellet was obtained with a commercial Wizard® Genomic DNA Purification Kit (Promega) following the fabricant’s indications. The concentration and purity of the genomic DNA was determined with a Nanodrop Take3 spectrophotometer (Biotek).



Deoxyribonucleic acid sequencing and annotation

16S rDNA from enrichment culture was amplified by using the bacterial universal primer set 27F 5′-GGGGTTTGATCCTGGCTCAG-3′ and 1387R 5′-GGGCGGNGTGTACAAGGC-3′ (Marchesi et al., 1998). The PCR products were sent to the Sequencing Unit (UMA) of the Pontifical Catholic University (PUC), Santiago, Chile. Obtained sequences were analyzed and compared using SnapGene 6.0.2, and Blast tool from National Center for Biotechnology Information (NCBI1).

The draft genome sequences of At. ferrooxidans MC2.2 and PG05 strains were determined by a whole-genome shotgun strategy using a pair-end library in the Illumina MiSeq platform (Andes Genomics). A total of 4 million reads were quality filtered and assembled in SPAdes v. 3.13.0 under default parameters (Nurk et al., 2013). Assembly annotation was carried out using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP), as described.2 The circular genome map was assembled using plotMyGBK wrapper script3; plotMyGBK uses BioPython and the R platform with the packages rSamTools, OmicCircos, and data.table to produce a vector image of a circular map (Morgan et al., 20164). The sequence assembly accession numbers at NCBI database are GCF_017165965.1 and SAMN17216810 for PG05 and MC2.2 strains, respectively.



Phylogenetic relationships and whole-genome nucleotide identity

For phylogenetic tree construction, thirty phylogenetic marker genes corresponding to widespread housekeeping genes dnaG, nusA, rplA, rplD, rplK, rplN, rpsB, rpsI, rpsM, tsf, frr, pgk, rplB, rplE, rplL, rplP, rpmA, rpsC, rpsJ, rpsS, infC, pyrG, rplC, rplF, rplM, rplS, rpoB, rpsE, rpsK, and smpB were identified in Acidithiobacillus strains PG05 and MC2.2 using AMPHORA2 (Wu and Eisen, 2008; Mende et al., 2013). Each gene was translated under standard genetic code to perform a protein-coding-guided multiple nucleotide sequence alignment, using TranslatorX MUSCLE for the multiple sequence alignment (Abascal et al., 2010). Alignments were concatenated using the alignment editor tool Seqotron (Fourment and Holmes, 2016) and the best partition scheme and substitution model was evaluated by PartitionFinder 2 (Lanfear et al., 2017). Finally, the software MrBayes v3.2 was used for phylogenetic reconstruction (Ronquist et al., 2012), and the resulting tree was plotted and annotated using FigTree v1.4.3.5 For the phylogenetic tree, Maximum Likelihood was the best fitting model for these sequence data. For analysis, the genome sequences from thirty-one Acidithiobacillus strains were collected in Supplementary Table 1 (Supporting information). The average nucleotide identity (ANI) was calculated for the 31-genome dataset using the pyani Python3 module (Pritchard et al., 2016) and the results were visualized using the data.table and pheatmap R packages.



At. ferrooxidans pangenome analysis

The analysis was carried out following the anvi’o pangenomic workflow (Delmont and Eren, 2018). Functional annotation of genes was performed using HMMER (Wheeler and Eddy, 2013) and COGs (Tatusov et al., 2001). Genome storages were generated using “anvi-pan-genome” with parameters “–minbit 0.5″ to remove weak hits (Benedict et al., 2014) and “–mcl-inflation 10″ to identify gene clusters (Van Dongen and Abreu-Goodger, 2012). The ANI in genomes of the At. ferrooxidans strains was computed using pyANI (Pritchard et al., 2016). Finally, “anvi-display-pan” was used to visualize the distribution of gene clusters across genomes.

Additionally, using the temperature variables an analysis of enriched functions was performed comparing the mesophilic versus the psychrotolerant strains (“anvi-get-enriched-functions-per-pan-group”). To analyze the global functional differences between the full and accessory genes, the genomes of PG05, MC2.2, and ATCC 27230 strains were annotated with eggNOG-mapper (Huerta-Cepas et al., 2017) and their COG composition visualized with ggplot2 R package (Wickham, 2016).



Searching for genes for environmental resistance

Amino acid sequences derived from genes identified as being involved in the stress responses were used as query sequences to search the translated nucleotide database from the genomes of the At. ferrooxidans PG05 (DSM 102806) and At. ferrooxidans MC2.2 (JCM5614) strains using tBlastn (Gertz et al., 2006) with default parameters. When a prospective candidate gene was identified, its predicted amino acid sequence was used to perform a BlastP (Pearson, 2013) search of the NCBI non-redundant database. Only the best hits were accepted as evidence for putative orthologs.



Statistical analysis

Statistical analysis was performed using the one-way ANOVA test followed by Tukey’s, using GraphPad Prism 5. The differences were considered to be significant at P < 0.05.




Results and discussion


Physicochemical analysis of samples and obtaining of iron-oxidizing microbial enrichments

Physicochemical parameters (pH, salinity, redox potential, and conductivity) were determined in the sediment samples collected in Patagonia (February 2019) and in Antarctic (December 2018), as shown in Table 1 and Figure 1. The value range for each parameter fluctuated importantly between the different samples. It is notable that the recorded pH values varied between 3.6 and 6.7. The samples from the abandoned mine in Patagonia (PG samples) were in general at acidic pH, suggesting the presence and activity of iron- and sulfur-oxidizing microorganisms (Schippers et al., 2014).


TABLE 1    The physicochemical parameters of sediment samples collected at Marian (MC) and Puerto Guadal (PG).
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For microbial enrichment, 9K, 9KM1, 9KM2, and 882 culture media containing ferrous sulfate as an electron donor and acidic pH, were used to favor the thriving of acidophilic iron-oxidizers as described in Materials and Methods. As shown in Table 2, in fourteen out of sixteen samples, microbial growth and iron oxidation were detected. Samples PG05 (Patagonia) and MC2.2 (Antarctica) were selected due to their higher microbial density and iron oxidation capacity, as evidenced by the generation of a reddish color in the culture media (Johnson et al., 2012). It is noteworthy that microbial enrichments derived from two samples were able to grow in 9KM1 and 9KM2 culture media, which have usually been used for Acidithiobacillus culturing (Liu et al., 2007; Dixit et al., 2018). Finally, it is important to remark that both enrichments were able to grow in 9K medium at pH 3.5 when the ferrous iron (Fe2SO4) was replaced by elemental sulfur as the only energy source (data not shown). The ability to grow in this condition was verified by the increase in cell density. Thus, according to our results, it can be stablished that PG05 and MC2.2 cultures can oxidize both ferrous iron and elemental sulfur as primary energy sources.


TABLE 2    Evaluation of the bacterial growth of the samples in the different acid culture media.
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Common traits of the sediment samples containing PG05 and MC2.2 are their low salinity (0.02–0.04 PSU) and conductivity (47–91 μS/cm), while in other samples these variables can reach values as high as 0.22 PSU and 462 μS/cm, respectively. The samples PG05 and MC2.2 contained iron (779/597 mg/L) and sulfur (149.56/59.3 mg/L) (Table 3). PG05 samples also harbored significant amounts of copper (21.6 mg/L), lead (24.9 mg/L) and zinc (3.0 mg/L) which is in agreement with the previous mining activity of these metals in the disused mine from where PG samples were collected. These data suggest that the PG05 strain has the ability to tolerate high concentrations of dissolved metals. The presence of iron and sulfur in the PG and MC samples certainly supports the presence of microorganisms able to transform these elements. Iron was previously detected and measured in Antarctic locations including the Marian Cove area (Dold et al., 2013). Through a metagenomic study, these researchers described microbial diversity and proposed the biogeochemical processes related to acid rock drainage generation, and rock erosion in the Antarctic landmass. An indirect indication of pyrite oxidation in the Antarctic was reported by the observation of schwertmannite present in glacier ice and icebergs (Raiswell et al., 2009), and extensive sulfide mineralization (Hawkes, 1982). Additionally, sulfide oxidation liberates and mobilizes iron, sulfur, and heavy metals, bringing them to an aqueous phase. This process results in the formation of a Fe2+-plume, which flows toward the sea as dissolved iron in the form of groundwater in the Marian Cove area (Dold et al., 2013). Unlike the expedition carried out by Dold et al., we were not able to observe the described plume; however, the content of iron that we detected suggests that an intensive biological activity could be participating in the biogeochemical cycle of this element.


TABLE 3    Determination of the concentration of metals in sediment samples using ICP-EOS.
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Identification and microscopic characterization of PG05 and MC2.2 cultures

Enrichment cultures were subcultured three times in liquid 9KM1 medium before the molecular identification. The 16S DNA sequence analysis of PG05 (MW458966) and MC2.2 (MN985509.1) cultures revealed the presence of one unique (or dominant) phylotype in each culture with similarities of 100% to Acidithiobacillus ferrooxidans. Further, the strains were characterized by electron microscopy. Analysis by SEM of cells harvested at the late exponential phase revealed that the PG05 strain has a rod-shaped cellular form that is approximately 2 μm long and 0.45 μm in diameter (Figure 2A), and MC2.2 strain has the rod-shaped with an average size of 1.5 μm long and 0.45 μm in diameter (Figure 2B). The size and shape observed agree with those described for other representatives of the Acidithiobacillus genus (Kelly and Wood, 2000).


[image: image]

FIGURE 2
Electron microscopy images of strains grown at 20 °C. Strains PG05 (A) and MC2.2 (B) visualized by SEM. Strains PG05 (C) and MC2.2 (D) visualized by TEM.


From the TEM images it is also possible to observe electron-dense areas inside the cells, a trait that is especially prominent in the PG05 strain (Figures 2C,D). The presence of electron-dense zones has been reported to occur due to the presence of polyphosphate granules (polyP), a polymer of phosphoanhydride-linked phosphate residues, found as chains up to 1,000 residues long in cells (Jiménez et al., 2017). This biopolymer plays a relevant role in the response of bacteria to stress conditions including heat, starvation, acid, and oxidative stress (Gray and Jakob, 2015; Kumar et al., 2016; Tiwari et al., 2019). In acidophiles, polyP has been identified in At. ferrooxidans, At. ferrivorans, and At. thiooxidans where they have been shown to be involved in tolerance to metals (Álvarez and Jerez, 2004; Navarro et al., 2013; Ulloa et al., 2018). Thus, this intracellular biopolymer may have an important role in tolerance and fitness of the PG05 strain.



Optimal growth temperature of the PG05 and MC2.2 cultures

In order to determine the optimum growth temperature of the cultures, growth curves of each strain supplemented with Fe2+ were determined at 5, 20, 30, and 37°C in 9KM1 medium. Mesurements were carried out in adapted cultures to the corresponding temperature from an initial inoculum at 20°C. As seen in Figures 3A,B, PG05 and MC2.2 strains showed an increase in the cellular density in function of time between 20 and 37°C, being 20°C their optimum temperature. At optimum temperature, the exponential phase for both strains was between days 1 and 7. For the PG05 strain, the maximum cell density obtained was 1.031 × 109 cells/mL, with a growth rate of 0.0493 h–1 and a doubling time of 14.06 h. In comparison, the MC2.2 strain reached a maximum cell density of 1.131 × 109 cells/mL, with a growth rate of 0.054 h–1, and a doubling time of 12.83 h. Additionally, when the strains PG05 and MC2.2 were cultured at 5°C, they grew marginally, reaching 1.698 × 108 and 1.950 × 108 cells/mL with doubling times of 24.73 and 44.29 h, respectively. As shown in Figure 3C, the doubling reached a minimum at 20°C in both PG05 and MC2.2 strains. In addition, in each strain the doubling time estimated at 20°C was significantly lower than those estimated at 5 and 30°C (P < 0.05). The doubling times values did not show significant differences between strains at 5 and 20°C, but a slightly more negative effect was observed for the strain PG05 at 30 y 37°C. Considering the growth profile at different temperatures, both PG05 and MC2.2 strains were classified as psychrotolerant (Kupka et al., 2007). Interestingly, as expected, these strains showed a significantly higher growth rate at 20°C than the mesophilic type strain ATCC 23270 (data not shown).
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FIGURE 3
Growth of Acidithiobacillus strains incubated at different temperatures. (A) PG05. (B) MC2.2. (C) Effect of the temperature on doubling times of the strains.


In previous studies, the culturing of acidophilic iron-oxidizing microorganisms from low temperature areas has led to the isolation of several strains of Acidithiobacillus ferrivorans (Barahona et al., 2014; González et al., 2014; Peng et al., 2017). They are mainly characterized by their ability to oxidize Fe2+ with more efficiency than At. ferrooxidans at 5°C (Kupka et al., 2007; Escobar et al., 2010; Hallberg et al., 2010). In agreement, At. ferrivorans presents higher growth rates at 5°C (td > 50 h) in standard 9K medium (33.3% Fe2+). In At. ferrivorans SS3, the generation time at 5°C was 43–58 h (Kupka et al., 2007), while an isolate of At. ferrooxidans grown at 2 and 6 °C showed a generation time of 247–103 h, respectively (Ferroni et al., 1986). In addition, the strain NO-37 of A. ferrivorans can grow optimally at 30°C, reaching a doubling time of 3.2 h (Hallberg et al., 2010). In our experimental setting, at 5 °C the strains PG05 and MC2.2 attained doubling times of 25 and 44 h. Thus, these strains seem to be better adapted for growing at low temperatures than others strains from the same species, and they have performances similar to those observed of other psychrotolerant At. ferrivorans.



Phylogenomic and pangenomic characterization of PG05 and MC2.2 strains


General genomic features

The assembled genome of PG05 strain consisted of 2,764,394 bp, 288 contigs, and 2,963 coding sequences with an average G+C content of 58.6 % (Table 4). On the other hand, the MC2.2 strain possesses a genome of 2,838,093 bp, 328 contigs, and 3,118 coding sequences, with an average G+C content of 59 %. The G+C content values are similar to those of At. ferrooxidans (averaged 58.49% in eleven strains, in Supplementary Table 2 (Supporting information)], and above the 56.5% reported for At. ferrivorans (Hallberg et al., 2010).


TABLE 4    Genome sequence attributes of Acidithiobacillus strains PG05 and MC2.2.
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Phylogenomic and pangenomic analysis

In order to assess the relationships between newly sequenced PG05 and MC2.2 strains and other known representatives of the Acidithiobacillus genus, the genome sequences were compared by performing a multi-locus (with thirty marker genes) phylogenetic analysis and estimation of average nucleotide identity (ANI) as described in Materials and Methods. As shown in Figure 4, phylogenetic analysis demonstrated that both strains are related to At. ferrooxidans, since they are located in the same clade as the strains ATCC 23270, ATCC 53993, CCM 4253 and Hel18 of this species. In addition, the genomes of the strains PG05 and MC2.2 exhibited an ANI of 99.9 and 99.2% when compared to the genome of At. ferrooxidans ATCC 23270, respectively, while the ANI values compared to At. ferrivorans were substantially lower in both cases (84%; Figure 5). The values are in agreement with those previously reported for other strains of these species (Peng et al., 2017). With these results, we conclude that both strains are phylogenetically affiliated with At. ferrooxidans species, so hereinafter these strains will be referred to as At. ferrooxidans PG05 and MC2.2.


[image: image]

FIGURE 4
Dendrogram constructed by the maximum-likehood method showing the phylogenetic relationships using 31 gene sequences of bacterial species of the genus Acidithiobacillus. Bootstrap values expressed as percentages of 1,000 replications are shown. Bars represent 1 substitution per 100 nucleotides.
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FIGURE 5
Whole genome nucleotide identity and multi-locus phylogenetic analysis. Average nucleotide identity (ANI) in the 32-genome Acidithiobacillus dataset.


In order to provide a genomic overview of the species and to highlight the unique genomic characteristics of the strains of At. ferrooxidans PG05 and MC2.2, a pangenome analysis was undertaken using the available genome sequences of nine At. ferrooxidans strains. Orthologue detection allowed the identification of the core, accessory, and singleton genomes. The characteristics of the genomes of the nine At. ferrooxidans strains available in the NCBI database are given in Supplementary Table 2 (Supporting information). A list of genes, including pangenome subdivision and clusters of orthologous groups of proteins (COGs), for each strain, is available in Supplementary Table 3 (Supporting information).

As shown in Figure 6, the total gene clusters from the genomes were calculated in 5122 CDSs (pangenome), and 1,678 genes were shared by the eleven genomes surveyed (core genome). Scrutinizing each genome, 10 and 79 unique genes were identified in PG05 and MC2.2 genomes, respectively, while we identified 76 unique genes in At. ferrooxidans ATCC 23270. The accessory genome also showed important differences in the composition of the COG category (Figure 7). The strain MC2.2 showed a higher content of accessory genes than PG05 and ATCC 23270, and the genes were related to translation and ribosome structure and biogenesis, signal transduction, intracellular trafficking and secretion, and defense mechanisms. In the PG05 strain, the accessory genome was dominated by genes of the replication, recombination, and DNA repair COG category. An important percentage of genes for unclassified and unknown proteins were detected in accessory genomes of both PG05 (80%) and MC2.2 (53%) strains.
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FIGURE 6
The At. ferrooxidans pangenome. Each one of the 5,122 gene clusters contains one or more genes contributed by one or more isolate genome. The middle 11 layers are the genomes and the bars indicate the occurrence of a given gene cluster in that strain. The top two outside layers describe (1) the gene clusters in which at least one gene was functionally annotated using COGs and (2) the single copy core-gene clusters across the 11 genomes. The bottom three inside layers show (1) the number of genes in the corresponding cluster; (2) the number of paralogs in the corresponding cluster and (3) the number of genomes on which the corresponding cluster is present. Finally, the outer selections correspond to the Core gene clusters and those exclusively present (“Singletons”) in PG05 and MC2.2. The Average Nucleotide Identity values among the genomes from the high (green) to low (white) similarity are also shown, and the dendrogram on the top represents the hierarchical clustering of genomes based on the occurrence of gene clusters.
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FIGURE 7
Distribution of COG functional categories for full and accessory genomes of strains ATCC 23270, MC2.2 and PG05 of At. ferrooxidans.





Stress resistance and defense mechanisms


Low temperatures

In cold areas like Patagonia and Antarctic, low temperature can represent an important selective pressure on microorganisms. Studies have demonstrated that temperature has significant effects on microbial community structure (Chen et al., 2014; Wang et al., 2018) and bioleaching efficiency for different metals (Vakylabad, 2011; Xiao et al., 2017). At. ferrivorans, the most prominent known psychrotolerant acidophilic bacterium, is able to tolerate low temperature by mechanisms that involve synthesis and accumulation of compatible solutes (trehalose), membranes with desaturated fatty acids, and the activity of cold-shock proteins, among other mechanisms (Dopson et al., 2007; Liljeqvist et al., 2012; Christel et al., 2016). In this work, a search for genes encoding for these functions revealed that both PG05 and MC2.2 strains have a significantly higher content of genes for cold tolerance (21 and 29, respectively) than the type strain ATCC 23270 (14). In both cases, genes appear related to trehalose biosynthesis, Dead/Deah-box ATP-dependent RNA helicase activity, fatty acid desaturase, glycine betaine transport, and hopanoid biosynthesis associated with RND transporters. It is remarkable that the Antarctic strain MC2.2 possesses genetic redundancy for some of these genes; specifically, it contains 3 genes for cold shock protein CspE and 2 genes for fatty acid desaturase, while PG05 and ATCC 23270 possess only one gene for each of these functions. It is noticeable that redundancy of genes related to cold tolerance has also been reported in strains of the cold-adapted bacterium At. ferrivorans (Ccorahua-Santo et al., 2017). These data clearly show that both strains possess the genetic potential for adaptation to low temperatures. However, as expected, the Antarctic strain is better equipped than the Patagonian strain, and both are significantly better equipped than the type strain.



Oxidative stress

In the extremely acidic conditions found in natural acid rock drainages, microorganisms have to deal with an abundant supply of metals. Iron is required as a micronutrient by all acidophiles, and as a primary energy source for iron oxidizers. However, iron and other metals like copper, cadmium, zinc and cobalt can also induce oxidative damage to biomolecules by generating reactive oxygen species (ROS). Therefore, acidophilic microorganisms are often exposed to highly oxidizing conditions and face the problem of maintaining intracellular redox homeostasis (Ferrer et al., 2016a). Enzymatic and non-enzymatic antioxidants mechanisms involved in protection against oxidative stress (Imlay, 2019) are thus deemed essential for adaptation and survival in these environments. A variety of these antioxidant systems have been described in Acidithiobacillus and in other iron oxidizers (Ferrer et al., 2016b; Bellenberg et al., 2019; Feng et al., 2020; González et al., 2020).

Our analysis revealed that genomes of At. ferrooxidans PG05 and MC2.2 harbor a plethora of genes for proteins involved in oxidative defense including ROS scavenging SOD, thiolperoxidase, alky hydroperoxidereductase (AhpC), peroxiredoxin and catalase, and systems based on glutaredoxin and thioredoxin for thiol/disulfide redox homeostasis (Table 5). The strain MC2.2 carries a higher content and redundancy of genes including, for example, 3 genes for glutaredoxin and AhpC, and 5 genes for SOD (Fe/Mn-SOD). It is noteworthy that this strain harbors a gene for catalase, an enzyme that is characteristic of aerobic pathogenic bacteria (Zamocky et al., 2008), but is underrepresented in acidophiles (Cárdenas et al., 2012), and so far has not been described in members of the genus Acidithiobacillus. This enzyme does not appear to be present in the PG05 strain or in the type strain.


TABLE 5    Genes associated with cold resistance and oxidative stress identified in the genomes of strains PG05 and MC2.2 compared to the type strain ATCC 23270.
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TABLE 6    Genes associated with metal tolerance identified in the PG05 and MC2.2 strain genomes compared to the type strain ATCC 23270.

[image: Table 6]

Peroxidases are considered the primary scavengers when the dose of H2O2 is in the low-micromolar range, the most-common range found in nature. Usually, it is assumed that catalase activity predominates at higher doses, when peroxidases are saturated due to the slowness of electron delivery and/or inactivation by over-oxidation (Mishra and Imlay, 2012). Thus, it is possible to predict that the MC2.2 strain could be exposed to higher levels of H2O2. Obviously, low temperatures, and likely high UV irradiation prevailing in the Antarctic could represent selective forces in favor of fixing genes involved in antioxidative protection. Cold can directly induce oxidative stress by increasing the concentration of dissolved oxygen and thus favoring the generation of ROS (Das and Roychoudhury, 2014). Induction of redox stress by low temperature exposure has been previously established for other microorganisms (Dahlsten et al., 2014; Kumar et al., 2020).



Metal tolerance

It is a well-known fact that in acidic environments, a high concentration of dissolved metal cations like iron, copper, zinc, cobalt, cadmium, uranium among others can be found (Navarro et al., 2013; Ferrer et al., 2016a). The positive charge of the cell surface of acidophiles has the effect of helping to keep metal cations out of the cytoplasm (Falagan and Johnson, 2018). However, an additional number of specialized systems have been described in several acidophiles as means of tolerating metals. These mechanisms include a number of membrane protein families involved in metal extrusion (Almárcegui et al., 2014; Martínez-Bussenius et al., 2016), as well as mechanisms involved in complexation and precipitation of metals (Jia et al., 2010; Dopson and Holmes, 2014). Additionally, as mentioned above, a key role of intracellular deposits of polyP has been described (Orell et al., 2012; Panyushkina et al., 2019). In this study, the predicted mechanisms include a number of transporters for copper, zinc and lead, most of which could be detected in both PG05 and MC2.2 strains. In these strains, metal efflux could occur through transport systems composed of the ATP-binding cassette (ABC) superfamily and major facilitator superfamily (MFS) proteins, as well as cation translocating P-type ATPases (Table 5 and Supplementary Table 2). CzcABC is a representative of the RND-type efflux system and confers resistance to cobalt, zinc and cadmium (Klonowska et al., 2020). The occurrence of multiple copies of czcC (n = 4) in both strains could confer more activity and/or versatility to the system for the translocation of several heavy metals. Interestingly, we also detected genes involved in the biosynthesis (ppk) and degradation (ppx) of polyP granules; the ppx gene that encodes exopolyphosphatase was duplicated in each strain. This enzyme is responsible for the degradative activity of polyP by hydrolyzing terminal residues of polyP and releasing Pi (Kornberg, 1999). PolyP can substitute ATP in kinase reactions, thus having a role in energy supply. Furthermore, these macromolecules serve as a chelator of metals, thus contributing to metal tolerance. PolyP has been described as having a role in copper tolerance in At. ferrooxidans, At. caldus, At. ferrivorans, and Sulfobacillus thermotolerans, among others (Navarro et al., 2013; Panyushkina et al., 2019). In addition, polyP plays a role in the physiological adjustments of bacteria to environmental changes and stress conditions and they have been described as conferring tolerance to heat, oxidants, osmotic challenge, acid, and UV radiation, among other factors (Crooke et al., 1994; Rao and Kornberg, 1996; Tsutsumi et al., 2000; Kim et al., 2002). Thus, the presence of polyP intracellular deposits may be a mechanism favoring adaptation to a variety of environmental challenges in these microorganisms.

Interestingly, the MC2.2 strain has an abundant number of mercury resistance genes that are scattered throughout the genome. In bacteria, the mer operon (merRTPCDAB) confers mercury resistance. These genes are often located in plasmids or transposons, but may also be found in chromosomes. MerP scavenges and transports inorganic Hg2+ to MerT at the plasma membrane, and then MerT transports it inside the cells where it is reduced to Hg0 by the flavoenzyme mercury reductase MerA (Barkay et al., 2003; Zhang et al., 2020). MerE is another Hg2+ transporter, while MerF and MerC mediate phenylmercury transport into cells (Sone et al., 2013). MerR is an activator/repressor that regulates the expression of the structural genes of the operon. In a few mercury resistance operons, a second regulator gene, merD, is present and binds weakly to the MerR operator site to down-regulate the system (Ravel et al., 2000). In the genomic analysis, a putative operon containing the merCAD genes was detected, in addition to three operons containing the merTP genes, and two operons containing the merT/merR genes were also found. Furthermore, it was possible to detect two non-identical partial copies of the merA gene, and one copy of the merD and merE genes, respectively. In this way, the analysis revealed a high diversity and redundancy of mer genes, suggesting the presence of a variety of mercury resistance mechanisms. The content of mer genes in the MC2.2 strain differs clearly from the PG05 and the ATCC 232270 type strain, which, although they have a putative operon containing the merCAD genes, do not have merT/merP or other genes for resistance.

Mercury is naturally present in the Antarctic environments. However, its deposition increases during the Antarctic spring, when the returning sunlight causes the melting of sea ice and release of mercury that falls onto sea ice and the ocean. Thus, the microorganisms that inhabit Antarctic environments such as snow, brine, frost flowers and recently-formed sea ice, possess the Hg detoxifying mer gene (Gionfriddo et al., 2016). Even so, the presence of an abundant dosage of mer genes in the Antarctic strain MC2.2 is a novel finding for iron-oxidizing representatives of the Acidithiobacillus genus.





Conclusion

The Patagonian PG05 and Antarctic MC2.2 strains were found to be psychrotolerant with optimal temperatures of 20°C. Phylogenetic and phylogenomic analyzes indicated that both PG05 and MC2.2 strains correspond to At. ferrooxidans. In the PG05 strain, internal polyphosphate deposits could contribute to its adaptation to environments with a high content of dissolved metals and other extreme factors. The pangenomic analysis of PG05 and MC2.2 genomes showed the presence of 10 and 79 unique genes, respectively, with differences in the composition of the COG category. An important percentage of genes for unclassified and unknown proteins were detected in accessory genomes of these strains. The Antarctic strain MC2.2 showed a high dose of genes for resistance to mercury and adaptation to low temperatures. This work constitutes the first report of strains adapted to the cold of At. ferrooxidans, and opens new perspectives to meet the current challenges of the metal bioleaching industry.
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Uranium (U) contamination of the environment causes high risk to health, demanding for effective and sustainable remediation. Bioremediation via microbial reduction of soluble U(VI) is generating high fractions (>50%) of insoluble non-crystalline U(IV) which, however, might be remobilized by sulfur-oxidizing bacteria. In this study, the efficacy of Acidithiobacillus (At.) ferrooxidans and Thiobacillus (T.) denitrificans to mobilize non-crystalline U(IV) and associated U isotope fractionation were investigated. At. ferrooxidans mobilized between 74 and 91% U after 1 week, and U mobilization was observed for both, living and inactive cells. Contrary to previous observations, no mobilization by T. denitrificans could be observed. Uranium mobilization by At. ferrooxidans did not cause U isotope fractionation suggesting that U isotope ratio determination is unsuitable as a direct proxy for bacterial U remobilization. The similar mobilization capability of active and inactive At. ferrooxidans cells suggests that the mobilization is based on the reaction with the cell biomass. This study raises doubts about the long-term sustainability of in-situ bioremediation measures at U-contaminated sites, especially with regard to non-crystalline U(IV) being the main component of U bioremediation.

KEYWORDS
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Synopsis

Non-crystalline U(IV) mobilization with sulfur-oxidizing bacteria is studied to provide information about the long-term sustainability of in-situ bioremediation measures of U-contaminated sites.



1. Introduction

Uranium is a trace metal with a concentration of about 1.5 ppm in the continental crust, most of which is incorporated in accessory minerals, e.g., zircon, apatite, xenotime which are formed during late stage crystallization processes (Salters, 2018). Economically important uranium deposits mainly consist of uraninite and other refractory U-bearing minerals (Cuney, 2009). The ionizing radiation and the toxicity of U poses a considerable health risk to most life forms. A special risk of U poisoning is posed by the ingestion of U-contaminated drinking water, even with moderately increased U concentrations on a long-term scale of several years or decades, resulting in severe kidney damage and organ failure (Konietzka et al., 2005; Höller et al., 2009; Dienemann and Utermann, 2012). Due to its health hazard, effective in-situ remediation measures are necessary for U-contaminated sites.

Reasons for an environmental U contamination can be divers, e.g., mining and milling, military application, and illegal and inappropriate disposal (Dienemann and Utermann, 2012; Zammit et al., 2014). Oxidizing environments can form highly soluble uranyl compounds and U complexes (Abdelouas, 2006) which can be transported over long distances by water. Further U enrichment in the environment can emerge by a naturally elevated U content in bedrock and soils, application of U-containing mineral phosphor fertilizers and by groundwater intrusion into permanent repository sites for nuclear waste (Dienemann and Utermann, 2012).

Such contaminations require an effective in-situ treatment. Physical and chemical remediation measures are limited by their high cost and low sustainability (Lovley and Phillips, 1992). In contrast, bioremediation by (micro)biological reduction of soluble U(VI) to sparingly soluble U(IV), e.g., by Shewanella (S.) oneidensis, appears to be most promising (Finneran et al., 2002; Wall and Krumholz, 2006; Newsome et al., 2014, 2015; Lakaniemi et al., 2019). A major problem of bioremediation by bacteria is the formation of biomass-associated non-crystalline U(IV), which is assumed to be a mixture of compounds including coordination to carboxylic, phosphate, or silicate moieties (Wang et al., 2013; Alessi et al., 2014). The proportion of non-crystalline U(IV) formed by S. oneidensis MR-1 can amount from 50% to almost 100% depending on the presence of dissolved solutes, e.g., phosphate, silicate, sulfate, which naturally occur in sediments, soils or groundwater, and depending on the U concentration (Stylo et al., 2013). Non-crystalline U(IV) is considered to be more labile than uraninite. Its fast oxidation during oxygen exposure, by nitrate or by ligand complexation (Cerrato et al., 2013; Newsome et al., 2015; Roebbert et al., 2021) demands for more detailed investigations regarding its stability in the environment in order to assess the efficiency and vulnerability of bioremediation.

A wide range of microorganisms is generally able to aerobically and/or anaerobically oxidize U either indirectly, e.g., via Fe(III) or chelators, or directly via electron transfer from the bacterial cell surface to the electron acceptor, e.g., O2, Fe(III), nitrate (Guay et al., 1977; Soljanto and Tuovinen, 1980; Kalinowski et al., 2004). Several sulfur-oxidizing bacteria, which oxidize reduced sulfur compounds as electron donors for energy conservation, are also known to oxidize Fe(II) and even U(IV) under special environmental conditions such as low pH. Two of those bacteria, At. ferrooxidans and T. denitrificans, were chosen in this study in order to determine the remobilization potential of sulfur-oxidizing bacteria for non-crystalline U(IV). At. ferrooxidans is a facultative anaerobic, Gram-negative, obligate chemolithoautotrophic, extreme acidophilic bacterium (Quatrini and Johnson, 2019) with optimal growth conditions of 30–35°C and pH 2.5 (Schippers et al., 2014; Quatrini and Johnson, 2019). It has often been isolated from mining-impacted environments and has a major impact on the biogeochemical cycles in low-pH environments regarding Fe, S, H (Quatrini and Johnson, 2019; Hedrich and Schippers, 2021), and is involved in the solubilization of U from ores (Bosecker and Wirth, 1980). DiSpirito and Tuovinen (1981, 1982) described At. ferrooxidans’ ability to directly oxidize U(IV), supplied as uranous sulfate or uranous oxide, coupled with carbon dioxide fixation by the use of the conserved energy. T. denitrificans is a facultative anaerobic, Gram-negative obligate chemolithoautotrophic bacterium with an optimal pH around 7 and a temperature of around 30°C for growth (Kelly and Wood, 2000). The bacterium is found in various environments like soil, mud, freshwater and marine sediments as well as domestic sewage, industrial waste-treatment lagoons and digestion tanks (Kelly and Wood, 2000). The bacterium utilizes both oxygen and nitrate as electron acceptors. During anaerobic growth thiosulfate oxidation is coupled to nitrate reduction (Schedel and Trüper, 1980). Beller (2005) demonstrated that T. denitrificans is capable of anaerobic, nitrate-dependent oxidative dissolution of synthetic and biogenic U(IV) oxides, whereby nitrate-reduction was coupled to the presence of another electron donor like H2. In order to investigate the efficacy of the oxidation of non-crystalline U(IV) by sulfur-oxidizing bacteria, mobilization experiments with both, At. ferrooxidans and T. denitrificans, were implemented.

Furthermore, U isotope fractionation, associated with microbial U mobilization, was investigated as a potential monitor for the mobilization process. A range of U reduction experiments using sulfate or metal-reducing bacteria, e.g., Geobacter sulfurreducens, Anaeromyxobacter dehalogenans, Shewanella sp., Desulfitobacterium sp. and Desulfovibrio brasiliensis, showed significant U isotope fractionation (expressed as ε = 1,000‰ * (α − 1)) of 0.65‰ to 0.99‰ (Basu et al., 2014; Stirling et al., 2015; Stylo et al., 2015). This suggests that bacterial U(VI) reduction generally induces isotopic fractionation with 238U enrichment in the product U(IV) (Basu et al., 2014). Wang et al. (2015a) observed that oxidation of dissolved U(IV) with oxygen at acidic pH leads to isotopically lighter U(VI), while oxidation of solid U(IV) showed only a limited isotope effect. Recent research of Roebbert et al. (2021) showed isotope fractionation during the complexation of non-crystalline U(IV) by organic ligands leading to an enrichment of 238U in the mobilized fraction with δ238U = 0.2–0.7 ‰.

In this study, we conducted experiments with two species of bacteria, At. ferrooxidans and T. denitrificans, in order to determine the stability of non-crystalline U(IV) with respect to oxidation associated with sulfur-oxidizing bacteria. Furthermore, U isotope fractionation, associated to bacterial U mobilization, was investigated as a potential tool to unravel the mechanism of U mobilization and to refine the use of U isotopes as a fingerprint for subsurface processes affecting the stability of non-crystalline U(IV).



2. Materials and methods


2.1. Non-crystalline U(IV) preparation

The preparation of U(VI), i.e., the sample preparation and chemical separation, were performed in a clean laboratory environment, including extra purified acids, micro pure water (MQ-water) and precleaned PTFE beakers. The preparation of the U(VI) stock solution (IRMM-184 standard solution), the cultivation of S. oneidensis and the anaerobic reduction of the U(VI) to non-crystalline U(IV), the starting material of the mobilization experiments, were performed as previously described by Roebbert et al. (2021) as a modified version of that described by Stylo et al. (2013, 2015). Detailed descriptions are provided in the Supplementary Information (SI).

The biomass-associated non-crystalline U is not well described so far. U(IV) appears to be coordinated to a range of phosphate species. These species include monomers and polymerized networks associated with phosphate functional groups in the microbial biomass and species which are formed through the precipitation inorganic phosphate polymers (Alessi et al., 2014).



2.2. Mobilization experiment with At. ferrooxidans

In order to investigate the aerobic oxidation of non-crystalline U(IV) by At. ferrooxidans (DiSpirito and Tuovinen, 1982) two types of experiments were conducted: (I) without pre-treatment and (II) prewashed with bicarbonate to desorb any remaining U(VI). These experiments were repeated with inhibited At. ferrooxidans cultures, conducted by the addition of sodium formate. The inhibited cultures were used to distinguish between oxidation effects by the bacterial biomass itself and enzymatically driven oxidizing processes by the active bacteria. Additionally, abiotic control experiments were performed for all experiments, i.e., the same experimental procedure, but without any bacteria. All experiments were executed as duplicates.

Cultivation of At. ferrooxidans (type strain ATCC 23270, DSM 14882) is described in the SI. The culture flasks with 50 mL At. ferrooxidans culture were then transferred inside an anaerobic box, where the mobilization experiments were subsequently prepared. All preparation steps were executed anaerobically to prevent premature oxidation of the non-crystalline U(IV) by oxygen. The non-crystalline U(IV) suspension (∼400 μM U) was centrifuged for 25 min at 7441 g and 21°C and the liquid was decanted. The precipitates, i.e., non-crystalline U(IV) and associated organic matter, were taken up with 3–4 mL of the At. ferrooxidans suspension of one culture flask and filled into the respective culture flask. This marks the start of the oxidation experiment (Figure 1) with a non-crystalline U(IV) concentration of ca. 240 μM (57 ppm). In case of the prewashed assays the precipitates were washed with 30 mL of 50 mM NaHCO3 for 1 h, before the start of the experiment. Afterwards, the bicarbonate suspension was centrifuged, the liquid phase was decanted and subsequently the precipitate was washed twice with 30 mL MQ-water before the addition of the At. ferrooxidans suspension (Figure 1).

[image: Figure 1]

FIGURE 1
 Schematic workflow of the mobilization experiments. Grey boxes [image: inline1] indicate anaerobic conditions and blue boxes [image: inline1] indicate aerobic conditions.


After about 45 min the culture flasks with the experiment suspension were removed from the anaerobic box. The experiment continued aerobically and the suspensions were shaken up regularly, at least daily, to ensure a good mixing and a sufficient CO2- supply for the At. ferrooxidans culture.

All experiments were repeated with the addition of 0.5 mM sodium formate [Na(HCOO)] to the At. ferrooxidans culture before the start of the experiments. Formic acid is described as an efficient inhibitor of microbial activity for acidophile bacteria such as At. ferrooxidans (Zhang et al., 2020). The inhibition by formate was successfully tested, which is described in SI. Besides, formate did not react or mobilize non-crystalline U(IV) as the abiotic control experiments showed (see SI for details and Supplementary Table S6).

Sample aliquots (0.5 mL) of all experiments were withdrawn at distinct time intervals (Supplementary Tables S6, S7) and filtered through 0.2 μm nylon membranes to collect the oxidized and dissolved U(VI) fraction, whereas the solid U(IV) remained in the filter. An initial sample without filtration was taken to determine the total U concentration. The pH value (Supplementary Table S1, SI) of the bacterial culture was measured before the start of the experiment and after the start to ensure that the experiment was conducted under ideal living conditions for the bacteria. The viability of the bacteria after the addition of non-crystalline U(IV) was proven by cultivation trials (see SI for details).



2.3. Oxidation of non-crystalline U(IV) by Thiobacillus denitrificans

Cultivation of T. denitrificans (type strain ATCC 29685, DSM 807) is described in SI. In order to investigate the anaerobic oxidation of non-crystalline U(IV) by T. denitrificans, which is considered to be nitrate-dependent coupled with thiosulfate (and potentially H2) oxidation (Beller, 2005), three types of experiments with varying KNO3 and Na2S2O3 concentrations were performed. The experiments were modified versions after Beller (2005) in correspondence to the laboratory equipment. Abiotic control experiments for each type of experiment were performed. All experiments were executed as duplicates and in an anaerobic N2-environment. The prepared T. denitrificans suspension was split in 40 mL portions in anaerobic centrifugation tubes. After centrifugation for 20 min at 11600 g and 21°C, the cells were washed once with an anaerobic suspension buffer. The composition of the suspension buffer differed marginally from that of the growth medium. The KH2PO4 concentration was reduced to 1.5 mM to preclude the formation of soluble U(IV)-phosphate complexes (Beller, 2005) and the KNO3 and Na2S2O3 concentrations varied: 1 mM KNO3 (no Na2S2O3); 3 mM KNO3 (no Na2S2O3); 3 mM KNO3 + 1.9 mM Na2S2O3. After an additional centrifugation step, the bacterial cells were taken up with 25 mL anaerobic suspension buffer, forming ‘T. denitrificans suspension (2)’, and transferred into 120 mL serum bottles. In order to start the oxidation experiments the non-crystalline U(IV) and associated organic matter was taken up with 3–4 mL of the T. denitrificans suspension (2) of one serum bottle each and added back into the respective one. After taking the unfiltered initial sample and the start sample, the bottles were sealed with butyl rubber stoppers and 10% H2 and 10% CO2 were added to the N2 in the headspace (after 40 min, due to technical limitations of the anaerobic box) to simulate the atmosphere of the oxidation experiments performed by Beller (2005).

The sampling and pH (Supplementary Table S3, SI) measurement was performed as described for the At. ferrooxidans experiments. Additionally, the H2 concentration (Supplementary Table S4, SI) in the headspace was measured (via gas chromatography) at distinct time intervals, as the H2 consumption should serve as a proxy for U(IV) oxidation by T. denitrificans (Beller, 2005). The viability of the bacteria after the addition of non-crystalline U(IV) was proven by cultivation trials (see SI for details).



2.4. Uranium concentration and isotope analysis

The concentration measurements were carried out with a Thermo Scientific Element XR HR-ICP-MS (inductively coupled plasma mass spectrometry) equipped with an ESI SC2-DX autosampler. Iridium (Ir, 5 ng/g) was added as an internal standard. The U isotope composition was measured applying an U double spike approach (with IRMM-3636) combined with standard-sample bracketing (two samples in between standard measurements) using a Thermo-Scientific Neptune MC-ICP-MS (multi collector ICP-MS), equipped with an ESI SC2-DX autosampler, Cetac Aridus II and 100 μL min−1 PFA nebulizer. All isotope data are reported relative to the composition of the IRMM-184 standard.

Prior to isotope analyses, U was purified using chromatographic extraction with Eichrom UTEVA. Details about U isotope analyses are described in Weyer et al. (2008), Noordmann et al. (2015) and Roebbert et al. (2021) and are also provided in the SI. The analytical uncertainty is smaller than ±0.1 ‰.



2.5. Data presentation and correction

The mobilization of the non-crystalline U(IV) is displayed as the relative U concentration (c/c0) against time (t). The relative U concentration (c/c0) is defined as the ratio of the measured mobilized concentration divided by the total U concentration of the experiment. The data of the biotic mobilization experiments with At. ferrooxidans are control-sample-corrected. Therefore, the relative U concentrations of the abiotic control experiments of each type of experiment were pooled, i.e. arithmetically averaged for each sample time. These mean c/c0 derived from the abiotic controls were then subtracted from the c/c0 of the corresponding experiments with bacteria (active or inhibited) at the same sample time (respective data Supplementary Table S6, SI).

The isotope fractionation during the mobilization of non-crystalline U(IV) is presented using the δ notation (in ‰) against time (t). The δ value is calculated as follows:

[image: image]

The U isotope fractionation is displayed as the absolute δ238U, which means the difference between the measured δ238U and the initial δ238U before the start of the experiment (respective data Supplementary Table S5, SI).




3. Results and discussion


3.1. Biotic uranium mobilization and isotope fractionation by Acidithiobacillus ferrooxidans

The addition of the bacterium At. ferrooxidans caused a fast mobilization of non-crystalline U(IV) (Figure 2A). The data represent pure biotic mobilization which was calculated by subtracting the abiotic mobilization (Figure 2B) from the total mobilization (not shown) in order to eliminate abiotic mobilization effects like oxidation by dissolved oxygen. All biotic mobilization experiments showed a similar overall trend, whether with or without bicarbonate washing and/ or formate as an inhibitor of microbial activity. However, statistical dispersion of the mobilization was observed in the first 3 h, but in fact independently of the experimental setup. The data imply that the effect of the biomass of the bacterial cells is more important than metabolic processes of the active cells.

[image: Figure 2]

FIGURE 2
 (A) Relative U concentration (c/c0) of mobilized non-crystalline U(IV) by At. ferrooxidans against time; control-sample-corrected (respective data Supplementary Table S6, SI). (B) Abiotically mobilized non-crystalline U(IV) displayed as relative U concentration (c/c0) against time (respective data Supplementary Table S7, SI). The different experimental setups are distinguished as follows: [image: inline1] active/ untreated; [image: inline1] inactivated/ with formate; [image: inline1] prewashed; [image: inline1] prewashed + inactivated/ formate.


In all samples a fast increase in c/c0 in the first 3 h could be observed, which subsequently slowed down until a maximum c/c0 of 75–90% was reached after 91.75 h to 164 h. In additional cultivation experiments (see SI for details), it could clearly be shown that formate is an effective inhibitor of microbial activity of At. ferrooxidans (Zhang et al., 2020), although it did not inhibit the mobilization of non-crystalline U(IV). Likewise, it could be demonstrated that the bacterial cells were not harmed by the addition of 400 μM non-crystalline U(IV) as they showed similar activity and growth when subsequently cultivated on fresh medium. In order to explain the similar mobilization of non-crystalline U(IV) observed in the experiments with active and inhibited cells various mobilization options are discussed.



3.2. Transportation and energy-yielding processes

First, transportation and energy-yielding processes may play a role in the mobilization of cations, but they are unlikely to be the reason for the mobilization of non-crystalline U(IV) by At. ferrooxidans. Active transport of solutes inside cells can be realized by simple transport, group translocation and ABC transport system, whereby transported substances can be modified chemically in terms of group translocation (Quatrini and Johnson, 2016). However, it is known that iron-containing solid substrates, e.g. FeS2 cannot enter the At. ferrooxidans cells. Instead the Fe(II) is oxidized on the outer cell membrane outside the cell (Valdés et al., 2008). This probably is transferrable for the sparingly soluble non-crystalline U(IV), and thus oxidation of non-crystalline U(IV) via transportation processes is unlikely, but this does not preclude a potential uptake of soluble U(IV) inside the cell.

It is assumed that At. ferrooxidans is able to oxidize U(IV) either directly or indirectly by an oxidation–reduction reaction with Fe3+ (DiSpirito and Tuovinen, 1981). Direct oxidation can be ruled out as the translocation of electrons depends on an energized membrane. Formic acid, which was used to inhibit the microbial activity, permeates across microbial cell membranes at low pH into the cytoplasm where the formic acid dissociates and thereby decreases the internal pH. Thereby, intracellular metabolic reactions and energizing of the membrane are inhibited (Lambert and Stratford, 1999; Ballerstedt et al., 2017; Luise et al., 2020). Thus, redox reactions are unlikely to happen as there is no energetic imbalance. Indirect oxidation by an oxidation–reduction reaction relies on Fe3+ as the oxidizing agent for U(IV) followed by the oxidation of the resulting Fe2+ by At. ferrooxidans, meaning ferric-ferrous iron recycling (Harrison et al., 1966; Kalinowski et al., 2004). This indirect process can be ruled out as well. Due to the different amounts of U (12 μmol) and Fe (0.1 μmol for doping of the growth medium) in this study and a stoichiometric ratio of 1:2 (U4+ + 2Fe3+ ➔ U6+ + 2Fe2+) the Fe would need to run the ferric-ferrous iron cycle at least 180 times at ideal conditions in order to oxidize 75% of the U(IV). Even so, the inactive cells are not capable of running the ferric-ferrous iron cycle because of the inhibition of intracellular metabolic reactions by formate. Even if assuming that all Fe is present as Fe3+ it can oxidize only about 0.4% of the U(IV) at a maximum and thus can be neglected.

In order to increase the reception of free energy by oxidizing inorganic compounds most cellular reactions depend on enzyme-catalysis to increase the rate of reaction, and the same applies to At. ferrooxidans (Quatrini and Johnson, 2016). However, the bacterial cells depend on an energized membrane, which is lacking in inhibited bacterial cells, in order to carry out enzyme-catalyzed reactions. Thus, these are ruled out as well as reasons for the mobilization of non-crystalline U(IV) observed in this study.



3.3. U mobilization options: biosorption, complexation, and oxidation processes by biomass or released chemical compounds

More promising explanations for the mobilization of non-crystalline U(IV) might be biosorption and/ or complexation and oxidation processes by the biomass itself. Biosorption is defined as the ability of microbial cells to sequester heavy metals and radionuclides selectively from aquatic solutions to the cell surface via non-metabolically mediated pathways (Tsezos, 2014). Therefore, both, living and dead cell biomass is capable of biosorption. The U biosorption is controlled by the chemistry and pH of the solution, physiological state of the cells as well as the presence of soluble polymers (Merroun and Selenska-Pobell, 2008). The cell wall of At. ferrooxidans is made up of a thin peptidoglycan layer protected by the lipid/protein bilayer of their outer membrane. Lipopolysaccharides (LPS) are anchored to the outer membrane and are probably the preferred centers of cation binding as they contain phosphate and frequently also carboxylate groups (Merroun and Selenska-Pobell, 2008). Biosorption of U(IV) by At. ferrooxidans might be a possible explanation for the mobilization of non-crystalline U(IV) if the latter forms soluble compounds, as biosorption of several other metals, e.g. Cu, Zn, As, and Mo, has already been observed (Ruiz-Manríquez et al., 1998; Celaya et al., 2000; Yan et al., 2010; Kasra-Kermanshahi et al., 2021). However, although being metabolism-independent, biosorption is limited to the number of charged groups within the surface layers of the cell (Merroun and Selenska-Pobell, 2008). Moreover, the estimated ion surface area exceeds the cell surface area by several magnitudes. If the almost rod shaped At. ferrooxidans cells are mathematically approximated with a cylinder of 1 μm length and 0.5 μm diameter, a total surface area of 9.8 · 108 μm2 per experimental assay is obtained, with 107 cells per ml and 50 mL culture. On the other hand, the estimated minimum required surface area for all uranium ions is 1.22 · 1017 μm2 [area of a disk, 0.89 pm minimum ion radius (Shannon, 1976), U concentration of 40 μg/g (Supplementary Table S6) per 50 mL experimental assay at the minimum after 164 h]. Thus, biosorption onto the cell as the main U mobilization mechanism is very unlikely.

In addition, the mobilization of non-crystalline U(IV) observed in this study has similarities to the complexation and associated mobilization of non-crystalline U(IV) by organic ligands, such as EDTA, citrate and bicarbonate described by Roebbert et al. (2021). During the complexation of non-crystalline U(IV) soluble U compounds were formed. Bicarbonate was used in some experiments of this study as well, in order to detach remaining U(VI) after the reduction process. The increased abiotic mobilization of non-crystalline U(IV) in the experiments with bicarbonate prewashing could be explained by differences in the pH of the experiments. In the abiotic experiments with prewashing the pH remained around 2.5 after the start of the experiments, whereas without prewashing the pH increased to 3.29–3.73 (Supplementary Table S1, SI). Torrero et al. (1997) showed a decreasing dissolution of UO2 with increasing pH, which is probably transferable to non-crystalline U(IV). Based on the repeated washout with MQ water, it can be assumed that no more bicarbonate was present in the system. A potential effect of the bicarbonate prewashing on the biotic U(IV) mobilization, observed in this study, was eliminated by subtracting the mobilization observed for abiotic reference experiments (averaged for each time point) from that of the respective biotic experiments. Additionally, the experiments with and without prewashing had similar biotic mobilization rates.

Simple oxidation of the non-crystalline UIV) by oxygen can be ruled out as well as the experimental assays already showed fast U mobilization in anaerobic conditions during the first 45 min. Any oxygen effects after the removal from the anaerobic box would have also influenced the abiotic controls, and therefore would have been control-sample-corrected in the At. ferrooxidans dataset.

Complexation mechanisms of the cell components and cell surface itself are complemented by complexation processes with extracellular polymeric substances (EPS). Decho (2011) defines EPS as molecules having a range of sizes, compositions and chemical properties that are produced and secreted (i.e. they are extracellular) by bacteria and other microorganisms, and contribute to the cell adaptability, resiliency, and functional roles in environments. Regarding At. ferrooxidans, it is known that the cells are able to adapt the chemical composition of their exopolymers to the substrate. Its EPS mainly consist of sugar, lipids, nitrogen and phosphorous with varying proportions (Gehrke et al., 2001). Merroun et al. (2003) demonstrated that U is associated to the acidic EPS of At. ferrooxidans. U complexes are suggested to be structurally similar to U-fructose-phosphate-complexes obtained by Koban et al. (2004) indicating that organic phosphate groups of EPS might play a leading role in the complexation processes and thus possibly forming soluble complexes.

It cannot be determined from the results whether or not the non-crystalline U(IV) is oxidized during the mobilization process, although oxidation might be energetically preferable. The mobilization might be driven by either a specific mechanism or a mixture of different mobilization processes. However, the results clearly show that inactive At. ferrooxidans cells are capable of mobilizing non-crystalline U(IV). The biomass of the bacterial cells is probably the driving factor for the mobilization, which stands in contrast to the hypothesis of direct oxidization of U(IV) in connection with carbon dioxide fixation by DiSpirito and Tuovinen (1981, 1982). The complexation hypothesis of this study is supported by the results of the complexation of non-crystalline U(IV) by organic ligands, especially EDTA and bicarbonate, described by Roebbert et al. (2021), which showed similar mobilization rates to the experiments with At. ferrooxidans with organic ligands. The slightly lower maximum c/c0 can simply be explained by a difference of mobilization by different ligands and a higher initial non-crystalline U(IV) concentration used by Roebbert et al. (2021) (400 μM) compared to that in this study (240 μM). However, the mobilization by EDTA, citrate and bicarbonate showed U isotope fractionation in contrast to the mobilization observed in our study. There are several explanations for the differences in the isotope fractionation, which are discussed hereafter.



3.4. Isotope fractionation during U mobilization with At. ferrooxidans

During the mobilization experiments with At. ferrooxidans, conducted in this study, the isotopic composition of U approximated δ238U ∼ 0 ‰ after about 1.5 h, when about 20 to 30% of U was mobilized (Figures 2A, 3A,B). Thus, no net isotope fractionation occurred during U mobilization, within the analytical uncertainty of ±0.1 ‰. The experiments without bicarbonate prewashing showed early isotope fractionation towards low δ238U (−0.40 ‰ to −0.32 ‰ after 0.05 h increasing to ≤ −0.15 ‰ after 1.5 h) which, however, subsequently increased towards δ238U approximating ∼ 0 ‰. The experiments with bicarbonate prewashing showed early isotope fractionation of δ238U = −0.12 ‰ resp. -0.13 ‰, barely outside the analytical error (Figure 3A). The initial light isotopic composition may be explained by preferential mobilization of remaining U(VI) from the reduction process, as observed by Roebbert et al. (2021) for, e.g. the organic ligand citrate. Although, reduction of U(VI) by S. oneidensis MR-1 is efficient to produce non-crystalline U(IV), which was used as the experimental starting material, some U(VI) may have remained (Stylo et al., 2015). During the reduction process the heavier 238U is primarily reduced, resulting in a very light δ238U of the remaining U(VI) (Stylo et al., 2015). This effect of initially light δ238U was impeded with a bicarbonate prewash step (Roebbert et al., 2021) which appears to have effectively removed almost all remaining U(VI).
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FIGURE 3
 (A) Uranium isotope fractionation displayed as absolute δ238U [‰] against time during the mobilization of non-crystalline U(IV) by At. ferrooxidans (respective data Supplementary Table S5, SI). (B) Uranium isotope fractionation displayed as absolute δ238U [‰] against relative U concentration c/c0 during the mobilization of non-crystalline U(IV) by At. ferrooxidans (respective data Supplementary Tables S5, S6, SI). The grey field [image: inline1] displays the max. Analytical uncertainty of ±0.1 ‰ (for all samples). The different experimental setups are distinguished as follows: [image: inline1] active/ untreated; [image: inline1] inactivated/ with formate; [image: inline1] prewashed; [image: inline1] prewashed + inactivated/ formate.


The absence of U isotope fractionation during the mobilization of non-crystalline U(IV) by At. ferrooxidans, although complexation of non-crystalline U(IV) by organic ligands and oxidation or mobilization of other transition metals, i.e. Fe and Cu, by At. ferrooxidans, resulted in significant isotope fractionation (Balci et al., 2006; Kimball et al., 2009), may have several reasons which are outlined below.

For U, large isotope effects are considered to be associated with redox-reactions (Weyer et al., 2008). In previous experiments it was observed that light U isotopes were preferentially oxidized from dissolved U(IV) in acidic media, resulting in U(VI) being approx. 1.1 ± 0.2 ‰ lighter than the remaining U(IV) (Wang et al., 2015a, b). In contrast, only limited U isotope fractionation (δ238U ∼ 0.1–0.3 ‰ in dissolved U(VI)) was observed by Wang et al. (2015a, b) during oxidation of uraninite by dissolved oxygen in 20 mM NaHCO3 solution at pH = 9.4. The authors explained the absence of significant U isotope fractionation by a so-called “layer-effect” during which quantitative dissolution of each layer of uraninite occurs, impeding net isotope fractionation.

However, complexation of U, which, as discussed beforehand, probably is an important mechanism during the mobilization process in this study, does not exclusively require electron transition, i.e. redox processes. Complexation can also be caused by electrostatic interaction or due to sharing of electrons, i.e. without changing the oxidation number of U. Nevertheless, significant U isotope fractionation was observed during the complexation of non-crystalline U(IV) by organic ligands at anoxic conditions (δ238U ∼ 0.2–0.7 ‰) (Roebbert et al., 2021), even though no U redox change was observed.

Likely, U mobilization and resulting isotope fractionation during our experiments was driven by a sequence of consecutive processes which occurred at different time scales. At the beginning of the experiments, remaining isotopically light U(VI) was mobilized, resulting in the initially observed light U isotope compositions within the first 1–3 h. This signature was subsequently superimposed by that of mobilized non-crystalline U(IV) which may have occurred in a chain of reaction steps, e.g. involving U adsorption onto cell biomass, followed by U complexation and/or oxidation by compounds of the biomass of At. ferrooxidans. Such processes might cause isotope fractionation in opposite directions which may superimpose or even neutralize each other within the term of the experiment. Likewise, the initial step of the reaction chain, i.e. U adsorption onto the biomass, was slower than the following steps and generated no detectable isotope fractionation. In this case, any potentially generated isotope fractionation of the following steps, including U complexation and/or oxidation by the biomass, would essentially go to completion and thus, not significantly contribute to the observed net isotope fractionation. Furthermore, in closed systems the U isotope signature of the mobilized U must approach 0 ‰ relative to that of the starting value with increasing U mobilization. Thus, small isotope effects would not be resolvable anymore, when a significant part of U was mobilized already (e.g. 50–80%, after 3 h).



3.5. Uranium mobilization and isotope fractionation by Thiobacillus denitrificans

No mobilization of non-crystalline U(IV) by T. denitrificans could be observed. Furthermore, by cultivating T. denitrificans on fresh medium inoculated from the oxidation experiments, it could be demonstrated that the bacterial cells remained alive during the experiment, although the number of bacterial cells observable in the experimental assay seemed to have decreased with time. The pH of the experimental suspension was constantly in the pH range of 6.9–8.2 (Supplementary Table S3, SI), optimal for the growth of T. denitrificans (Kelly and Wood, 2000).

Several modifications of the experiment described by Beller (2005) had to be done in order to adapt the experimental procedure to the available equipment of the laboratory. Slight differences in the cultivation procedure, recommended by the DSMZ, were a late addition of 10% (v/v) H2, addition of 10% (v/v) CO2 to the atmosphere of the set-up and a larger volume of suspension buffer. These modifications might have influenced the activity of the bacterial cells and their ability to adapt to U as a potentially new energy source. Furthermore, Beller (2005) used synthetic U(IV), which was derived from uranyl acetate, and biogenic uraninite. T. denitrificans might simply not be able to mobilize the non-crystalline U(IV) used in our study, although this is unlikely, because the non-crystalline U(IV) is considered to be more labile than uraninite (Bernier-Latmani et al., 2010). The mobilization by T. denitrificans also might be compensated by a withdrawal of mobilized U. The mobilization of U(IV) is presumably slower than the mobilization by At. ferrooxidans (Beller, 2005). The apparent lack of mobilization may also be explained by different strains of T. denitrificans (Beller, 2005). The ability of a bacterium to perform a certain mechanism can change, as the bacteria can adapt to different environmental conditions over several generations or a loss of their genetic ability due to selection pressure (Suzuki et al., 1990; Tang et al., 2006; Sunwoo et al., 2013; Zhang et al., 2013).




4. Conclusions and implications for long-term feasibility of in-situ U bioremediation measures and the use of U isotope proxy

The capability of At. ferrooxidans to mobilize non-crystalline U(IV) could be demonstrated, independently from the presence of active bacterial cells. Experimental assays with active At. ferrooxidans cultures showed similar U mobilization rates like the assays with inhibited bacterial cells. Complexation and/ or oxidation processes by biomass are probably the driving factors for the mobilization. This finding has important implications for the understanding of U remobilization and for the long-term feasibility of in-situ remediation sites of U contamination, as other types of bacteria may show similar effects of mobilization of non-crystalline U, simply by their biomass. As the acidic conditions of these experiments are far from natural conditions in the groundwater, the findings of this study are only directly applicable for acid mine drainage and bioleaching sites. Nevertheless, the high efficacy and insensitivity of the U mobilization capacity of At. ferrooxidans on the portion of living cells raises doubts on the long-term sustainability of in-situ bioremediation measures from acidic environments.

During the mobilization experiments with At. ferrooxidans no net isotope fractionation was observed, except for early isotope fractionation in the experiments without bicarbonate prewashing, which can be explained by preferential mobilization of remaining U(VI) from the preparation process. The U mobilization and resulting isotope fractionation was likely driven by a sequence of consecutive processes which occurred at different time scales and probably superimposed each other to some extent. According to the findings of this study, U isotope signatures appear to be an unsuitable tool to trace oxidative U mobilization by bacteria in the subsurface environment, even though comparative data of other bacterial systems are lacking. However, this may preserve U isotope signatures, which could provide information about, e.g. the source of the uranium contamination. Uranium isotopes signatures found in nature are more likely to be generated by other processes such as U reduction, adsorption, or mobilization with ligands.
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Mobile genetic elements (MGEs) are relevant agents in bacterial adaptation and evolutionary diversification. Stable appropriation of these DNA elements depends on host factors, among which are the nucleoid-associated proteins (NAPs). NAPs are highly abundant proteins that bind and bend DNA, altering its topology and folding, thus affecting all known cellular DNA processes from replication to expression. Even though NAP coding genes are found in most prokaryotic genomes, their functions in host chromosome biology and xenogeneic silencing are only known for a few NAP families. Less is known about the occurrence, abundance, and roles of MGE-encoded NAPs in foreign elements establishment and mobility. In this study, we used a combination of comparative genomics and phylogenetic strategies to gain insights into the diversity, distribution, and functional roles of NAPs within the class Acidithiobacillia with a special focus on their role in MGE biology. Acidithiobacillia class members are aerobic, chemolithoautotrophic, acidophilic sulfur-oxidizers, encompassing substantial genotypic diversity attributable to MGEs. Our search for NAP protein families (PFs) in more than 90 genomes of the different species that conform the class, revealed the presence of 1,197 proteins pertaining to 12 different NAP families, with differential occurrence and conservation across species. Pangenome-level analysis revealed 6 core NAP PFs that were highly conserved across the class, some of which also existed as variant forms of scattered occurrence, in addition to NAPs of taxa-restricted distribution. Core NAPs identified are reckoned as essential based on the conservation of genomic context and phylogenetic signals. In turn, various highly diversified NAPs pertaining to the flexible gene complement of the class, were found to be encoded in known plasmids or, larger integrated MGEs or, present in genomic loci associated with MGE-hallmark genes, pointing to their role in the stabilization/maintenance of these elements in strains and species with larger genomes. Both core and flexible NAPs identified proved valuable as markers, the former accurately recapitulating the phylogeny of the class, and the later, as seed in the bioinformatic identification of novel episomal and integrated mobile elements.
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1. Introduction

The lack of a membrane-delimited nucleus is the unifying characteristic of prokaryotes, yet inside the bacterial cell, DNA is stored in a highly condensed and functionally organized nucleoid. The bacterial nucleoid 3D-structure is determined by several interconnected factors, including DNA supercoiling, curvature and bends induced by Brownian motion, the binding of nucleoid associated RNAs, proteins, and macrodomain determining proteins (e.g., SMC), in addition to gene expression patterns (Lioy et al., 2018; Verma et al., 2019). Nucleoid-associated proteins (NAPs) are numerous and diverse, and the genes encoding them are found in almost all prokaryotic genomes (Dillon and Dorman, 2010; Driessen and Dame, 2011). A distinctive characteristic of NAPs is their ability to bind DNA in both specific and non-sequence specific manners. Specific binding of NAPs to target DNA sequences is mostly involved in transcriptional regulation, DNA replication, recombination, and repair. In turn, the sequence independent binding mode of NAPs is crucial for chromosome compaction by bridging, wrapping, and bunching nearby or distant chromosome DNA segments, and also for constraining negative supercoiling (Dorman, 2013; Verma et al., 2019).

Model bacteria, Escherichia coli, encodes in its genome a total of 12 different NAPs (Azam and Ishihama, 1999), being the histone-like nucleoid-structuring protein H-NS (Grainger, 2016), the factor-for-inversion stimulation Fis (Finkel and Johnson, 1992), the Histone-like protein HU (Kamashev et al., 2017), and the integration host factor IHF (Lee et al., 2015), the most thoroughly studied families. While H-NS binds DNA non-specifically, preferring AT-rich and curved regions, to control gene regulation, xenogeneic silencing, and nucleoid architecture (Rimsky, 2004; Dorman, 2007), Fis binds a specific AT-rich DNA consensus sequence, to bend the DNA at the binding site and exert its effect on global transcription and chromosome organization (Duprey et al., 2014). In contrast, ubiquitous HU and closely related IHF proteins, recognize binding sites through structural and topological cues, and play a role in DNA packaging, repair, and recombination-dependent processes (Hammel et al., 2016). Given the influence of NAPs in DNA transactions that are both essential to many cellular functions and relevant for the stable appropriation of foreign DNA, understanding their diversity, species-specific distribution and genomic location seem to be key to dissect their specific contributions to cellular function in prokaryotes. Recent studies on the distribution of NAP families in bacterial genomes have shown that most species do not encode in their genomes homologs of all 12 NAPs found in E. coli, being only HU, Fis, IHF and EbfC ubiquitous in bacteria (Perez-Rueda and Ibarra, 2015; Perez-Rueda et al., 2018). Rather, the distribution of some NAP families in prokaryotic genomes seems to be characteristic of specific bacterial groups, as shown for H-NS-like proteins, MvaT-like, Lsr2-like and Rok-like proteins (Perez-Rueda and Ibarra, 2015). In this respect, few efforts have been placed in understanding the taxa-specific gene complement of NAPs or their phyletic patterns.

Horizontal gene transfer (HGT) is one of the major mechanisms underlying the evolution of gene content in prokaryotes (Arnold et al., 2022). Gene flow between and within microbes is driven by the “mobilome,” a vast and highly diversified repertoire of Mobile Genetic Elements (MGEs) (Weltzer and Wall, 2023). These DNA-based exchange platforms capable of self-movement can be classified according to the molecular mechanism underlying their physical movement as “translocative elements” (transposons and insertion sequences) or “integrative elements” (integrons and temperate viruses), whereas plasmids and genomic islands, are reckoned as dispersive or transmissible elements and are further classified as “conjugative” or “mobilizable” (Beard et al., 2021). Given that HGT and integration of novel genes is a routine event in most bacterial populations, the adaptability of the nucleoid architecture is a universal prerequisite. It has been proposed that NAP-induced regional differences in the chromosome’s topology may lead to unequal access of chromosomal regions to mutagenic and recombination processes, and/or modulate transcription of foreign DNA, therefore exerting a great influence on the nucleoid’s potential to evolve (Dorman, 2013; Kivisaar, 2020). Several NAPs coded in episomal and integrated MGEs have been described, which are able to influence both positively and negatively MGE recombination dynamics, maintenance in the integrated state, and MGE dispersal to suitable hosts (Flores-Ríos et al., 2019b), highlighting the potential role of NAPs in MGEs biology. However, it is only in the case of the enterobacterial H-NS-like proteins, that an irrefutable role as xenogeneic-DNA silencers has been demonstrated (Ding et al., 2015; Singh et al., 2016). Although, the role of plasmid-encoded NAPs in the regulation of the host’s and the plasmid’s transcriptional networks has been studied over the past decades in a few different bacteria (e.g., Baños et al., 2009; Yun et al., 2016), scarce evidence supports the distinction between endogenous NAPs and those linked to the mobilome as a path to dissect their specific roles (e.g., Müller et al., 2010; Shintani et al., 2015). We decided to take this path to study the role of NAPs in our model bacteria, the acidithiobacilli.

The class Acidithiobacillia comprises Gram-negative chemolithoautotrophic and obligate acidophilic bacteria that obtain their energy from reduced sulfur compounds oxidation using oxygen as electron acceptor. The class pertains to the phylum Proteobacteria (Williams and Kelly, 2013) and contains a single order and two families, the Acidithiobacillaceae with 10 validly described species (Boden and Hutt, 2019a), and the more ancestral Thermithiobacillaceae with only two acknowledged species (Boden and Hutt, 2019b). Extensive genomic comparisons of sequenced members of the class have revealed important lacunae in our comprehension of the phylogenetic space occupied by the class (Nuñez et al., 2017) and expanded its genomic contours to an increasing total of 19 lineages (Moya-Beltrán et al., 2021, 2023). These linages rank at different taxonomic levels, including three novel genera named as ‘Fervidacidithiobacillus’ (ex. Acidithiobacillus caldus), ‘Igneacidithiobacillus’, and ‘Ambacidithiobacillus’ (Acidithiobacillus sulfuriphilus), in addition to the two long acknowledged genera Thermithiobacillus and Acidithiobacillus (Kelly and Wood, 2000). With the exception of the Acidithiobacillus, which includes both sulfur-and iron-oxidizing species (i.e., it is a “dual physiology” clade), the other 4 genera are exclusively sulfur-oxidizers (Moya-Beltrán et al., 2021). Despite several common characteristics, the class members are highly heterogeneous, and evolutionary trajectories defining their ancestry and differentiating characteristics are only beginning to be understood.

Members of the class are known to carry a variety of MGEs, these being an important source of genomic and phenotypic diversity. Some MGEs described in Acidithiobacillia are: (i) small cryptic plasmids found in strains of Acidithiobacillus ferrooxidans, Acidithiobacillus ferridurans and ‘Fervidacidithiobacillus caldus’ (e.g., Chakravarty et al., 1995; Dominy et al., 1998), (ii) mobilizable plasmids found in ‘F. caldus’ and iron oxidizing Acidithiobacillus spp. (e.g., Rawlings, 2005; Tran et al., 2017), (iii) several genomic islands in A. ferrooxidans and ‘F. caldus’ (e.g., Orellana and Jerez, 2011; Acuña et al., 2013), (iv) and a plethora of integrative or translocative mobile elements such as insertion sequences (IS) and transposons yet to be characterized (e.g., Holmes et al., 2001). A number of NAP-like genes have been reported during the annotation of plasmids, genomic islands and other MGEs in Acidithiobacillus species genomes (Rawlings, 2005; Bustamante et al., 2012; Flores-Ríos et al., 2019a). Despite their frequent identification, little is known about the diversity, distribution, and functional roles of endogenous and MGE-associated NAPs within the class Acidithiobacillia.

In this study, we used the emerging phylogenetic structure of the Acidithiobacillia class as a guide to conduct comparative genomics and phylogenetic analysis of NAPs. Our goal was to gain insights into the role of NAPs in maintaining nucleoid architecture and function, across species of the class with different lifestyles and occupying distinct econiches, and to assess their relevance in MGE biology, and therefore in genomic evolution and diversification within the Acidithiobacillia class. To this end we performed a systematic search of known NAP protein families in the genomes of 93 different Acidithiobacillia species strains, and then mapped the resulting NAP pool to the core versus flexible gene complements of the different genera and species. We also assessed their occurrence in chromosomal loci versus episomal and integrated MGEs. By performing phylogenetic analysis of the identified NAPs, and analyzing their genomic contexts, we gained insights into their essentiality, diversification and potential roles, while also revealing their value as phylogenetic and MGE-specific markers.



2. Materials and methods


2.1. Genomes and query profiles

A total of 93 complete and draft genomes corresponding to different Acidithiobacillia class species were obtained from the public WGS NCBI Genome database. Drafts were assessed for contamination and completeness as previously reported (Moya-Beltrán et al., 2019, 2021). The complete list of genomes used in this study, their assembly statistics, along with relevant metadata can be found in Supplementary Table S1. Models selected to profile NAP protein families in the Acidithiobacillia included Alba, CbpA, Csp., Dps, EbfC, Fis, Hha, YmoA, H-NS, StpA, MvaT, HU, IHF, HupB, Lrp, Lsr2, MukB, YccC and YejK. In addition to the aforementioned NAPs, a model for the plasmid replication protein KfrA was also included as plasmid-specific NAP (Jagura-Burdzy and Thomas, 1992). The full list of models/profiles used in this study can be found in Supplementary Table S2. Multiple sequence alignments of the protein families of interest, to be used as queries in the identification of NAPs-related conserved domains in candidate protein sequences, were downloaded from the conserved domain database (Marchler-Bauer et al., 2017; CDD v3.17, downloaded on 04/01/2019). The CD database included the domain models and/or profiles from Pfam, COG, TIGRFAMs, and SMART databases (Tatusov et al., 2000; Haft et al., 2013; Finn et al., 2016; Letunic and Bork, 2018).



2.2. Candidate NAPs gene identification, functional assignment and curation

NAP proteins present in the Acidithiobacillia class CDS database were identified using the workflow presented in Supplementary Figure S1. Briefly, multiple sequence alignments of the protein families of interest listed in Supplementary Table S2, were used as queries to search each genome of the class using PSI-BLAST (Altschul et al., 1997) (five iterations; statistical significance established at e-value 0.01). Candidate target sequence assignments were validated against the CDD using CDsearch (Marchler-Bauer et al., 2017) and hhsearch (Fidler et al., 2016), with defaults parameters (e-value <10E-5 for CD-search and hhsearch and probability >90% for hhsearch). Identification of specific domains in selected proteins was done with RPS-BLAST v2.2.26 versus CDD v3.17. Elimination of overlapping motifs and redundant results were done with rpsbproc v0.11. Orthology was determined as reported previously (Moya-Beltrán et al., 2021). Briefly, COGtriangles (v2.1) was used as clustering algorithm and triangle reciprocal hits were clustered in Protein Families (PFs). BLAST pairwise alignment cutoffs were set at 75% coverage and e-values at 10E-5. Selected proteins were clustered by sequence identity (threshold of 50% and defaults parameters) with Usearch v1.2.22 (Edgar, 2010). Protein alignments for the candidate NAPs recovered for the Acidithiobacilla were constructed with the MAFFT v7.453 program (Katoh and Standley, 2013). Selected clusters and proteins were re-annotated and curated manually, when required.



2.3. General data analysis and visualization of results

Molecular weight and theoretical pI (isoelectric point) of candidate proteins were computed through the Pepstats software included in the EMBL-EBI search and sequence analysis tools.1 To analyze NAPs vicinities, CDS encoded up to 5 kbp up- and downstream from each candidate NAP were identified and their functional annotations were retrieved using DIAMOND blast search (Buchfink et al., 2015) against the KEGG database (Kanehisa et al., 2016). A frequency index (KEGG-based vicinity frequency index) was then derived for each annotated CDS in the NAPs vicinities. For any given NAP family, the percentage of NAP genes with a given CDS in its vicinity was scored and the frequency expressed as a percentage of the total number of NAP-encoding genes in the family. Genetic context and clustering visualization were conducted using Clinker v0.0.20 program (Gilchrist and Chooi, 2021) or the R package gggenes.2 Inverted repeats were identified by using IUPACpal (Alamro et al., 2021) and promoter and transcriptional regulators binding sites were predicted by using BPROM at Softberry3 and Virtual Footprint at Prodoric (Dudek and Jahn, 2022)4 websites. Data analysis and visualization were conducted using the R language (R version 3.6.3) with tidyverse v1.3.0 (Wickham et al., 2019) and ggplot2 v3.3.2 (Wickham, 2016) packages. Circular genome representation was done with Circos (Krzywinski et al., 2009).



2.4. Comparative genomics and phylogenetic analysis

Genome comparisons were performed using the GET_HOMOLOGUES software package v3.3.2 (Contreras-Moreira and Vinuesa, 2013) and orthology was determined using COGtriangles (v2.1) as clustering algorithm and triangle reciprocal hits were clustered in Protein Families (PFs). Given that draft genomes and MAGs are included in the comparison, in this study we used a permissive threshold of 90% to define the core protein family sets (i.e., PFs with representatives in more than 90% of the genomes analyzed). To aid in NAP content comparisons, we defined a frequency index and a paralogue index. The frequency index was calculated for each NAP protein family as the ratio of genomes for every given Acidithiobacillia lineage that encodes candidate NAPs of that protein family divided by the total number of genomes of that given lineage. A threshold of 0.90 was set empirically, to discriminate between conserved (frequency > 0.90) and non-conserved (frequency ≤ 0.90) PFs, based on both lineage-level occurrence and PF clusters coherence. The paralogue index was calculated for each NAP protein family as the ratio of the average genetic dose of NAP coding genes to the number of different NAP PFs for every given Acidithiobacillia lineage that encodes candidate NAPs of that protein family. Multiple sequence alignments were constructed with MAFFT v7.453 program (Katoh and Standley, 2013) and edited using Jalwiew (Waterhouse et al., 2009). The FastTree program v2.1.10 (WAG evolutionary model for amino acid sequences analyses) with bootstrap resampling (1,000 replicates) (Price et al., 2010) and MEGA X (Kumar et al., 2018) were used for phylogenetic analysis. FigTree v1.4.45 was used for tree visualization and manipulation.



2.5. Identification of mobile genetic elements and MGE hallmark genes

Putative mobile genetic elements present in the queried genomes were identified using an integrative approach, as described in González et al. (2014). Identification of MGEs hallmark genes in complete and draft genomes was carried out using the following programs: CONJscan for Type IV secretion systems prediction (Guglielmini et al., 2014) and TnpPred for prediction of prokaryotic transposases (Riadi et al., 2012). When needed, contigs were aligned and reordered to a reference genome by using the Mauve software (Darling et al., 2004). To identify plasmid encoded NAPs, we used a customized protein repository consisting of 1,388 CDS retrieved from public Acidithiobacillia plasmid sequences and refined their annotations and functional assignments as described above.



2.6. RNA-seq data analysis

RNA-seq expression profiles for Acidithiobacillus thiooxidans type strain ATCC 19377 grown in elemental sulfur at pH 2.5 at 30°C (Camacho et al., 2020) (BioProject PRJNA541131) were downloaded from SRA database.6 Selected runs (SRR9016879, SRR9016878, and SRR9016873) were aligned to A. thiooxidans ATCC 19377 reference genome (NZ_CP045571) using bowtie2 v2.5.0 (Langmead and Salzberg, 2012) and samtools v1.10 (Danecek et al., 2021) for bam files processing and visualization. To assess relative RNA-seq expression levels, depth coverage were calculated for the whole A. thiooxidans genome sequence as the number of reads per bin (10 base-long) and normalized by reads per genomic content (RPGC, 1x normalization) using the bamCoverage tool from deepTools v2.0 library (Ramírez et al., 2016). RPGC (per bin) = number of reads per bin/scaling factor for 1x average coverage. RNA-seq coverage RPGC were obtained using extended paired RNA-seq reads and an effective genome size of 3,415,726 bases.




3. Results and discussion


3.1. General overview of identified Acidithiobacillia class candidate NAPs

To gain insights into the distribution and functional roles of NAPs within the Acidithiobacillia class, we analyzed 93 genomes belonging to 10 validated and 7 candidate species (named as proposed in Moya-Beltrán et al., 2021), comprising taxa of varied physiological characteristics and lifestyles (Supplementary Table S1). The genomes were searched for CDSs containing NAP domains (Supplementary Table S2), according to the in silico analysis workflow schematized in Supplementary Figure S1. A total of 1,197 candidate CDSs were recovered and manually classified into 12 different NAP families (Alba_2, EbfC, Fis, H-NS, HU, IHF_A, IHF_B, KfrA, Lrp, MukB, NdpA and SMC) according to their CDD/hmms-based inferred functional assignment (Table 1). Detailed results obtained are presented in Supplementary Table S3.



TABLE 1 Occurrence and abundance of NAP proteins in Acidithiobacillia class bacteria.
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Predicted molecular weights (MW) and isoelectric points (pI) of the candidate Acidithiobacillia NAPs were compared to those of the CDD proteins used as queries (Figures 1A,B). General agreement in both MW and pI was found between both datasets. However, orthologs encoding candidate Alba_2 showed a higher median MW, whereas candidate MukB/SMC, KfrA, H-NS and Fis proteins were smaller than the median queries outside Acidithiobacillia. In accordance with canonical bacterial NAPs (Dillon and Dorman, 2010), candidate Lrp, H-NS, EbfC, HU/IHF/HupB and Fis proteins were small (<18,59 kDa), single-domain proteins. Among the later HU, IHF_A, IHF_B and H-NS orthologs were also predicted as basic proteins (theoretical pI >9.66), while candidate Fis had a more acidic theoretical median pI (median pI of 6.46), compared to CDD proteins used as queries (with median pI of 9.44). Given that the net charge of the potein at physiological pH should be relevant in Fis  DNA-binding affinity, we inspected this trend more closely in a subset of single-domain Fis proteins from several known acidophiles outside the class (Supplementary Figure S2).
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FIGURE 1
 Predicted physicochemical properties and correlations of candidate NAPs abundance versus genome size in Acidithiobacillia class representatives. Predicted molecular weight in KDa (A) and isoelectric point (B) for the different candidate Aciditiobacillia NAP families identified in this study compared to the proteins of the CD database used as queries. Correlation between the total number of NAP types (C) or between the number of HU and IHF NAPs (D) and genome size in Kb. Pearson’s correlation coefficient (r) is shown at bottom right of each scatter plot. In (A,B) C stands for candidate and Q for query. AFE, Acidithiobacillus ferrooxidans AFG, ‘Acidithiobacillus’ ferruginosus; AFD, Acidithiobacillus ferridurans; AFP, Acidithiobacillus ferriphilus; AFV, Acidithiobacillus ferrivorans; AFN, Acidithiobacillus ferrianus; ATH, Acidithiobacillus thiooxidans; AAL, A. thiooxidans subsp. albertensis; ACO, Acidithiobacillus concretivorus, ASU, ‘Acidithiobacillus sulfurivorans’; AMA, ‘Acidithiobacillus marinus’; AMO, ‘Acidithiobacillus’ monserratensis; FCA, ‘Fervidacidithiobacillus caldus’; ICO, ‘Igneacidithiobacillus copahuensis’; IYE, ‘Igneacidithiobacillus yellowstonensis’; AMS, ‘Ambacidithiobacillus sulfuriphilus’; and TTP, Thermithiobacillus tepidarius.


Invariantly, all extreme acidophilic genera analysed (with optimal growth pH < 3.0), had Fis proteins with median pI below 8, while moderate acidophiles (with optimal growth at pH < 4.5) exceeded this value. Intriguingly, a positive correlation between the increase in the median pI of the predicted Fis proteins and an increase in the optimum pH of growth (Pearson correlation coefficient r = 0.683), was observed in both among extreme (e.g., Acidiferrobacter, Acidihalobacter, Ferrovum and Acidithiobacillia spp.) and moderate acidophiles (e.g., Thiomonas, Acidobacteria and Silvibaterium spp.). In contrast, in genera with only mild acid tolerance (having reported optimal growth at pH < 6.0), including Acetobacter, some Acidiphilium strains, Gallionella and Methylocella, a negative correlation between median Fis pI and optimal growth pH was obtained (Pearson correlation coefficient r = −0.586). The observed values and the co-variation of the pI and the optimal pH of growth in true acidophiles, suggests that the more acidic pI of Fis orthologs is favoured in this group of organisms to ensure a slightly positive net charge for this DNA-binding protein at cytoplasmatic pH (pH 6.0–7.0; Ingledew, 1982). Such positive charge could facilitate electrostatic interactions with the negatively charged DNA backbone, potentially enhancing DNA binding and specificity. This feature of Fis proteins could reflect a particular adaptation of these group of microorganisms to thrive in their low pH environment and/or to endure transient pH fluctuations. Adaptative adjustments of protein’s median pI values have been linked to the acidophilic lifestyle before. Acid-exposed periplasmic and outer membrane proteins have been proven to have more basic pI values compared to neutrophiles and alkaliphiles counterparts, reflecting structural adaptations linked to the stabilization of proteins at very low pH (Chi et al., 2007).

The most abundant NAP families encoded in Acidithiobacillia genomes are IHF_A, HU and IHF_B families, representing, respectively, 24.5, 23.4, and 14.3% of the total NAPs identified. The median number of NAPs encoded per genome in the Acidithiobacillia class was 10 (Table 1), and ranged between 5 in ‘Igneacidithiobacillus yellowstonensis’ (currently a 72.7% complete MAG, Zhou et al., 2020) and 20 in A. thiooxidans subsp. albertensis (99.9% complete, Castro et al., 2017). Deep branching Acidithiobacillia species Thermithiobacillus tepidarius, `Ambacidithiobacillus sulfuriphilus  and ‘Igneacidithiobacillus copahuensis’ consistently had fewer NAPs per genome (97.14% complete drafts), ranging between 5 and 7. On the other hand, larger numbers of NAPs per genome were observed in the ‘Fervidacidithiobacillus’ and Acidithiobacillus species (excepting the most ancestral iron oxidizer Acidithiobacillus ferrianus, Table 1), supporting the expansion and/or acquisition of NAP coding genes during the diversification of the taxon. The data obtained showed a positive Pearson’s correlation coefficient between the number of NAPs and genome size (r = 0.805, Figure 1C), which is largely explained by the increase in the number of HU, IHF_A and IHF_B family representatives in species with larger genomes (r = 0.798, Figure 1D).



3.2. Pangenomic analysis of Acidithiobacillia candidate NAPs reveals the presence of class- and genus-specific sets of core proteins

To further explore Acidithiobacillia NAPs diversity and distribution among different representatives of the class, we undertook a pangenome-scale analysis. Candidate NAPs were clustered in Protein Families (PFs) and their membership to the core or flexible gene complements was defined. To further analyze both protein sets, we classified candidate NAP PFs according to a frequency index (see methods for further detail), where core NAPs were defined to have a frequency index of one (Figure 2A). Flexible pangenome NAP PFs encoded in all available genomes of a given lineage (frequency index ≥ 0.90) were classified as “conserved” (species-specific), and those with frequency index < 0.90, or encoded in Acidithiobacillia lineages represented by single genomes, were classified as “non-conserved” (Figures 2B,C).
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FIGURE 2
 Pangenome-scale analysis of candidate NAP PFs of the Acidithiobacillia class. (A) Core NAP PFs in Acidithiobacillia class genomesj. (B,C) Flexible NAP PFs. (D) Average genetic dose of candidate NAP PFs in Acidithiobacillia, classified according to species and pangenome compartment, also represented in (A–C) by the size of the dots (side menu). For each lineage and NAP family pair, a frequency index was defined as the number of genomes in which the candidate NAP PF was found, divided by the total number of genomes of that given lineage. Dots in each panel are colored by their frequency index, according to the side bar. This index was set to discriminate between conserved (frequency > 0.90; B) and non-conserved (frequency ≤ 0.90; C) flexible pangenome sub compartments. The phylogenetic tree to the left of (A) is a simplified version of the Maximun Likelihood tree obtained from the concatenated alignment of 107 conserved single-copy core proteins of the Acidithiobacillia class, as in Moya-Beltrán et al. (2021).


Comparative genomic analysis identified a set of 6 core NAP PFs encoded by single copy genes, and highly conserved between lineage-specific strains across the class. This core set included the SMC, EbfC, Fis, HU1, IHF_A1 and IHF_B1 families (Figures 2A). Even if the distinction between chromosomally-encoded NAPs (also referred to as endogenous NAPs) and MGE-encoded NAPs is well acknowledged (reviewed in Flores-Ríos et al., 2019a), no studies have actually differentiated the NAP PFs core-sets from the flexible ones. Indirectly, the occurrence of NAPs on plasmids (e.g., Shintani et al., 2015), pathogenicity islands (e.g., Leh et al., 2017) and other types of MGEs, such as integrative conjugative elements (Flores-Ríos et al., 2019b), links some of these NAP PFs to the flexible gene complement of Proteobacteria, yet the lack of comprehensive and systematic studies addressing this issue in other bacteria prevents us from further comparing these results with those in other microorganisms.

HU, IHF_A and IHF_B family representatives were also assigned to the flexible pangenome (Figures 2C,D). Among the latter, candidate HU family NAP clusters showed gene doses ranging from one copy per genome in the deep-branching T. tepidarius, ‘A. sulfuriphilus’’ and ‘Igneacidithiobacillus’ spp., up to 6 copies per genome in derived species such as A. thiooxidans strains, e.g., ATCC 21835 (Table 1). Clustering of the HU proteins based on pairwise blast identity values, revealed the presence of 3 variants of this protein family, referred to as cluster 1–3 in text and figures (Supplementary Figure S3A). HU1 variant (cluster 1) consisted of 86 proteins distributed among all Acidithiobacillia genomes with a genetic dose of one coding gene per genome, albeit if absent in some of the lower quality draft genomes. This variant was thus considered as core NAP in the class. This assignment was further supported by the Maximum Likelihood (ML) trees constructed using the HU1 subset (Supplementary Figure S3B), which recapitulate the proposed phylogeny of the class (Moya-Beltrán et al., 2021). Conversely, the topology of the ML tree built with the HU2 (cluster 2) subset, comprising 104 proteins, was consistent with a history of horizontal transfer (Supplementary Figure S3C). It is known that HU proteins are highly conserved in bacteria. In E. coli two different HU subunits have been described, encoded by two distinct genes (hupA and hupB), which give rise to both homo-and heterodimers depending on the growth-phase, being the heterodimer required for long term survival (Claret and Rouviere-Yaniv, 1997). While the heterodimeric HU conformation seems to be a characteristic feature of enterobacteria, non-enteric bacteria such as Vibrio proteolyticus, Haemophilus influenzae, and Pseudomonas aeruginosa form homodimers (Oberto and Rouviere-Yaniv, 1996). Identification of only one core HU protein encoded in Acidithiobacillia genomes supports the formation of homodimeric HU species in members of this class. Yet, more research is needed to find out if the presence of additional copies of HU proteins (belonging to flexible HU PFs) found in some Acidithiobacillia genomes (i.e., in 73 genomes spanning 10 species), participate in the formation of HU heterodimers, and if this could be advantageous for long term cell survival, as proposed for E. coli (Claret and Rouviere-Yaniv, 1997).

In addition to the NAPs shared by all Acidithiobacillia genomes, we found 628 candidate NAPs within the flexible gene complement of the class. This flexible NAPs repertoire is composed by 445 proteins conserved in specific Acidithiobacillia lineages (frequency index ≥ 0.90), forming a species-specific set of proteins (Figures 2B), and 183 proteins poorly conserved even at the lineage specific level (frequency index < 0.90), and thus forming a non-conserved set of NAP proteins (Figure 2C). For instance, HU3 (cluster 3) proteins fall in this category. Candidate Lrp proteins fall within the first flexible category and show a distribution that is of note (Figure 2B). Clustering analysis revealed the presence of two Lrp variants, one of which is exclusive to the Acidithiobacillus genus representatives. Its position, invariably divergent to the leuA-2 gene encoding the 2-isopropylmalate synthase involved in l-leucine biosynthesis (Supplementary Figure S4A), suggests that Acidithiobacillus Lrp proteins play a specific rather a global regulatory role, most likely related to regulation of amino acid biosynthetic pathways (Brinkman et al., 2003). A second Lrp variant is restricted to ‘A. sulfuriphilus’ CJ-2, A. ferrianus MG and two Acidithiobacillus ferrivorans strains (ACH and SS3), the latter being the only Acidithiobacillia representatives encoding both Lrp variants. The genetic context of this second Lrp variant coding gene is less conserved, being encoded downstream a predicted sulfite exporter of the TauE/SafE family (Supplementary Figure S4B). Functional association between these two genes in four strains of at least two species of the class suggests a possible regulatory role by Lrp during transcription of the tauE anion transporter encoding gene, and links this regulator with sulfur compounds metabolism.



3.3. Gene vicinity and expression analysis provide hints into the functional role of core NAPs PFs

Analysis of genetic contexts around single copy core NAPs showed that their immediate vicinities were highly conserved across the Acidithiobacillia class members spanning the 5 known genera (Figure 3A). Core NAPs neighbouring genes were invariantly housekeeping genes, coding for essential proteins related to nucleotide (e.g., EfbC) and protein synthesis (e.g., IHF), and metabolism (e.g., Fis). Specific details of the inferred roles for SMC, MukB, EbfC, IHF, HU and Fis are provided and discussed in Supplementary Figures S4C–J (see extended figure legend). The nature and conservation of the contexts for all these core NAPs, indicated that these genes were located in genomic regions of high transcriptional activity. By extension, it is likely that these NAP-ecoding genes are also all highly expressed genes.
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FIGURE 3
 (A) Genetic context of core NAP PFs in representative genomes of the five genera of the Acidithiobacillia class: At., Acidithiobacillus genus represented by A. ferrooxidans ATCC 23270T; Fd., ‘Fervidacidithiobacillus’ genus represented by ‘F. caldus’ ATCC 51756 T; Ig., ‘Igneacidithiobacillus’ genus represented by ‘I. copahuensis’ VAN18-1T; Am., ‘Ambacidithiobacillus ‘genus represented by ‘A. sulfuriphilus’ CJ-2 T; and Tt., Thermithiobacillus genus represented by T. tepidarius DSM 3134T. (B) Relative transcriptional expression levels of core NAP genes, and genes in their immediate vicinities, in A. thiooxidans type strain ATCC 19377T. RNA-seq expression profiles for A. thiooxidans ATCC 19377T grown in elemental sulfur at pH 2.5 and 37°C (BioProject PRJNA541131) were downloaded from SRA database (https://www.ncbi.nlm.nih.gov/sra). Selected runs (SRR9016879, SRR9016878 and SRR9016873) were aligned to A. thiooxidans ATCC 19377T reference genome (NZ_CP045571) and RNA-seq coverage were calculated as the number of reads per bin (10 base-long) and normalized by reads per genomic content (1x normalization). Asterisks show the location of the corresponding NAP coding gene and the red line shows the whole genome average RNA-seq coverage (defined as 1.0).


To test this assertion, we analysed publicly available transcriptomic data for A. thiooxidans type strain ATCC 19377, the type species of the Acidithiobacillus genus (see methods for details). All 6 core NAP proteins were expressed during exponential growth of this strain under standard culturing conditions (elemental sulfur at pH 2.5 and 30°C) (Figure 3B). Among them, and under the tested conditions, the SMC coding gene showed expression levels below the genome average. This could indicate that smc is transcriptionally expressed at low levels in constitutive manner, or either that it is induced only during specific stages of the cell-cycle, and thus not represented in the exponential growth culture from which the RNA-seq data originated. Evidence pointing in this direction has been obtained at least in two microorganisms, the archaeon Halobacterium salinarum (Herrmann and Soppa, 2002) and the bacterium Caulobacter crescentus (Jensen and Shapiro, 2003), where transcription of the smc gene has been shown to be circumscribed to early stationary phase. Further experiments using synchronous cultures would be required to test such cell-cycle dependency of smc transcription in A. thiooxidans.

All other core NAP-encoding genes were expressed at levels above the genome average (RNA-seq coverage >1.0). In particular, IHF_A1 and HU1 genes showed the highest expression levels (RNA-seq coverage up to ~9.0 and ~12.0, respectively). This is most likely due to the variety of processes in which these proteins play a part. For instance, HU proteins bind DNA in a non-sequence-specific manner, and have been proposed to prevent DNA damage under stress conditions and mediate gene expression regulation when Helicobacter pylori is exposed to acid stress (Álvarez and Toledo, 2017). Additionally, they can induce and constrain negative supercoiling in DNA domains and form protein complexes that regulate gene expression or DNA replication (Stojkova et al., 2019). Recently, the participation of HU proteins in mediating cell attachment to extracellular DNA in biofilms was reported (Thakur et al., 2021). Therefore, HU proteins are also likely involved in such conserved essential roles in these model acidophiles.



3.4. Acidithiobacillia class core NAPs are valuable as single-gene phylogenetic markers

Next, we inspected the positional and amino acid sequence conservation of Acidithiobacillia class core NAPs. Positional conservation was assessed by comparing two phylogenetically distant Acidithiobacillia representatives with closed genomes, A. ferrooxidans ATCC 23270T and ‘F. caldus’ ATCC 51756T (Figures 4A,B). In both cases, the relative position of core NAP genes with respect to each other was variable, suggesting that significant rearrangements have occurred between genomes of the class during species evolutionary differentiation. In turn, relative position of core NAP-encoding genes with respect to the origin and terminus of replication were conserved. Genes fis and ihfA1 are near the origin of replication, while ifhB1, hup1, and efbC are closer to the replication terminus, albeit at variable locations. The position of the smc gene has shifted between these two genomes. This is relevant, since in E. coli NAPs expressed preferentially during exponential growth and associated with the higher overall superhelicity are encoded closer to the origin, whereas stationary phase NAPs associated with the lower superhelical density are encoded closer to the replication terminus (Sobetzko et al., 2012). Therefore, it is likely that the conserved relative position of core NAP genes in Acidithiobacillia chromosomes (with respect to E. coli) is related with both their expression levels at different growth phases, and their role in maintenance and modulation of the nucleoid supercoiling status during growth. Currently, the scarcity of closed genome sequences of representatives for the other Acidithiobacillia lineages prevents us from further exploring this aspect for the entire class.
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FIGURE 4
 Positional and amino acid sequence conservation of Acidithiobacillia class core NAPs. Circular plots of A. ferrooxidans ATCC 23270T (A) and ‘F. caldus’ ATCC 51756T (B) chromosomes showing the location of candidate core NAPs. From inner to outer tracks: %GC plot; NAPs location (tan colored lines); and predicted MGEs locations (green boxes). Genomic quadrants with respect to the origin and terminus of replication are indicated in doted lines. (C) Average protein dissimilarity (100 – % identity) obtained from pairwise blast comparisons for each core NAP PF among Acidithiobacilllia class clades [as defined in Moya-Beltrán et al. (2021)]. Clade notations are as follows: clade 1: TTP, T. tepidarius (n = 1); clade 2: AMS, ‘Ambacidithiobacillus sulfuriphilus’ (n = 1); clade 3: ICO, ‘Igneacidithiobacillus copahuensis’ (n = 6) and IYE, ‘Igneacidithiobacillus yellowstonensis’ (n = 1); clade 4: FCA, ‘Fervidacidithiobacillus caldus’ (n = 18); clade 5-SOX: ATH, A. thiooxidans (n = 20); ACO, A. concretivorus (n = 1); ASU, A. sulfurivorans (n = 1); AMA, A. marinus (n = 1); AMO, A. monserratensis (n = 1); and clade 5-FOX: AFE, A. ferrooxidans (n = 13); AFG, A. ferruginosus (n = 1); AFD, A. ferridurans (n = 7); AFP, A. ferriphilus (n = 9); AFV, A. ferrooxidans (n = 9); AFN, A. ferrooxidans (n = 1). Maximum-likelihood (ML) phylogenetic trees with bootstrap resampling from alignments of (D) SMC (1,000 replicates) and (E) Fis (10,000 replicates) protein sequences. Evolutionary history was inferred using ML method by applying Neighbor-Joining and BioNJ algorithms using the JTT model with a discrete Gamma distribution. For SMC and Fis proteins, 10.19 or 13.64% sites were allowed to be evolutionarily invariable, respectively.


The amino acid sequence variability between pangenome core NAP PFs at the class level was generally small, ranging from 92.5 to 100% of sequence identity (Figure 4C). As a general trend, less variation was observed among deep branching lineages, such as ‘Igneacidithiobacillus’ spp. and ‘Fervidacidithiobacillus’ spp. compared to the sulfur and ferrous iron oxidizing acidithobacilli, being A. ferrivorans the lineage with most divergent core NAPs set (data not shown). Among this set of core NAPs, SMC and Fis showed the highest divergence and recapitulated the Acidithiobacillia class proposed phylogeny (Figures 4D,E). SMC proteins (1,103 ± 171 amino acids, median of 542 variant positions) showed a higher power to resolve Acidithiobacillia lineages than Fis proteins (78.10 ± 5.17 amino acids, median of 27.4 variant positions) due to their larger size and higher number of polymorphic/variant positions. Contrary to Fis, SMC proteins could resolve the A. ferruginosus CF3 from the A. ferrooxidans/A. ferridurans clade, and also locate A. ferrianus as a deep-branching lineage of the ferrous-iron oxidizing Acidithiobacillia, resembling the phylogeny obtained by using a ML phylogenetic tree constructed with 107 concatenated single-copy proteins (Moya-Beltrán et al., 2021). Nevertheless, despite its lower resolution power, short-length Fis proteins could be useful as a single-protein phylogenetic marker for taxonomic assignment of low-quality genome assemblies and metagenome assembled genomes (MAGs) lacking the 16S rRNA gene.



3.5. Diversification of NAPs within the Acidithiobacillia class is due to both gene family expansion and horizontal gene transfer

To explore the underlying causes of the overall increase in the number of NAP PFs observed in candidate ‘Fervidacidithiobacillus’ and the “dual physiology” clades of the Acidithiobacillia class with respect to deep branching lineages, we focused next on the NAP-encoding genes pertaining to the flexible pangenome. Evidence of possible gene duplication events (gene dose >2) were evident in several species (Supplementary Figure S5), as exemplified by the psychrophilic A. ferrivorans. The genome of the type strain (DSM 22755) of this species contained the highest number of genes encoding NAP protein variants, including 8 distinct IHF_A (27.8–94.1% identity), 6 IHF_B (38.4–95.9% identity) and 3 HU (30.2–51.2% identity). Amino acid sequence divergence levels suggest these sets include both paralogs and exogenous NAPs acquired through HGT. Given that the A. ferrivorans DSM 22755 has the largest genome analyzed (4.62 Mb), it is tempting to speculate that this large repertoire of flexible NAPs represent an advantageous mechanism to stabilize larger genomes, similar to what has been shown for Deinococcus radiodurans during exposure to pH or temperature stress (Nguyen et al., 2009). However, according to the paralogue index metric (see methods), true NAPs paralogues seem to be restricted to IHF_A, IHF_B and HU protein families, encoded in the A. thiooxidans (2 H-NS and 2 IHF_B paralogues), ‘A. concretivorus’ (3 HU paralogues) and ‘A. sulfurivorans’ (4 HU and 4 IHF_B paralogues) genomes (Supplementary Figure S5). The fact that overall numbers of candidate HU, IHF_A and IHF_B proteins covary with the number of CONJscan predicted relaxase genes per genome (r = 0.701, Supplementary Figure S6A), but not with the number of TnpPred predicted transposases (Riadi et al., 2012) (r = 0.083, Supplementary Figure S6B), suggests that many NAPs pertain to transmissible rather than translocative MGEs.

Contrary to what was observed in core NAP-encoding genes  neighborhoods, analysis of the predicted gene functions encoded in the vicinities of flexible NAPs revealed little conservation. Amongst the most frequent gene products, we consistently noted the presence of proteins related to conjugation (type IV secretion system proteins VirB1, TrbL, TrbJ, and VirD1), chromosome partitioning and plasmid segregation related proteins (ParA and ParM), toxin/antitoxin RelB/RelE systems, integration/recombination related proteins (XerD) and type-I restriction-modification (RM) systems (Table 2 and Supplementary Table S4). Scarce overall sequence conservation, together with a positive association between flexible HU, IHF_A and IHF_B proteins and mobilome signature proteins, represent convincing evidence of Acidithiobacillia flexible NAPs affiliation to the episomal and/or integrative mobilome. One clear example of this, is ‘A. sufurivorans’ RW2 exclusive NAP ortholog of NdpA/YejK. This candidate ndpA gene is located within a gene cluster flanked by integrase/transposase coding genes downstream a tRNAMet and adjacent to the conserved rpsU-gatB-mutS2-gnaG-rpoD gene cluster (Supplementary Figure S6C). Neighboring genes to ndpA encode a UvrD-helicase domain-containing protein, a site-specific DNA-methyltransferase, an addiction module protein (or toxin-antitoxin system protein) and a DEAD/DEAH box helicase family protein (pseudogene). The presence of transposase/integrase, in addition to an addiction module protein and a DNA-methyltransferase, and two flanking direct sequence repeats, strongly indicated that ndpA belongs to an MGE integrated at the tRNAMet. NdpA/YejK binding to double-stranded-DNA in E. coli nucleoids has been detected in a yeast two-hybrid screen using the ParE subunit of topoisomerase IV as bait (Lee and Marians, 2013). This interaction with the topoisomerase IV can produce a distributive relaxation of negatively supercoiled DNA and stimulate relaxation of positively supercoiled DNA (Lee and Marians, 2013), suggesting that occurrence of this NAP orthologs in strain A. sulfurivorans RW2 MGE could play a role in modulating DNA-supercoiling of the MGE during its life cycle.



TABLE 2 Frequent KEGG annotations encoded in Acidithiobacillia flexible NAP PFs neighborhoods.
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3.6. DNA-bending NAPs occur in episomal mobile genetic elements of the class

To further characterize the Acidithiobacillia NAP PFs belonging to the flexible gene compartment, we analyzed candidate NAPs encoded in known plasmids of the class. Analysis of 26 publicly available Acidithiobacillia plasmid sequences allowed us to unambiguously link 14 candidate NAP-encoding gene orthologs to 7 different plasmids (Table 3 and Supplementary Table S5). As a general trend, we found that small-sized plasmids such as A. ferrivorans PQ33 pAfPQ33_1 (10.2 kb) or ‘F. caldus’ SM1 pLAtc2 (14.1 kb) harbored only one NAP, medium-sized plasmids such as pAca1.1 (27.3 kb) and p2 (32.8 kb) in ‘F. caldus’ ATCC 51756 and MTH-04, respectively, encoded two NAPs, and megaplasmids also occurring in ‘F. caldus’ such as the MTH-04 p1 (190 kb) encoded up to 4 NAPs per replicon. Previous reports have suggested that plasmid-encoded NAPs may contribute to host cell fitness and play a role in maintenance of larger plasmids (Takeda et al., 2011). Presently, it is impossible to ascertain if this direct relationship between plasmid size and NAPs numbers extends to all Acidithiobacillia linages, since plasmids data in several of them is scarce or missing.



TABLE 3 Plasmid-encoded candidate NAPs identified in Acidithiobacillia class genomes.
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Candidate NAPs encoded in Acidithiobacillia plasmids belonged to the IHF_A (n = 5), HU (n = 4) and KfrA (n = 5) protein families, and were exclusively found in moderate thermophilic `F. caldus  (12 NAPs) and psychrophilic A. ferrivorans (2 NAPs) strains, two species with acknowledged presence of plasmids (Rawlings, 2005; Acuña et al., 2013; Tran et al., 2017). Potential roles for plasmid-encoded NAPs, include plasmid replication, maintenance, transfer and integration into host cells chromosomes (Takeda et al., 2011; Shintani et al., 2015). These roles are likely conserved in plasmid-encoded NAPs of the Acidithiobacillia class. Yet, apart from KfrA, the only NAP families detected in plasmids of the class, were HU, IHF_A and IHF_B, all of which are well known for their role in DNA bending. In this regard, the presence of IHF-binding sites in the ori region of several A. ferrooxidans pTF5-like plasmids is noteworthy (Chakravarty et al., 1995; Moya-Beltrán et al., 2023). These findings suggest that plasmid-encoded NAPs of the acidithiobacilli may participate in NAP induced DNA-bending within the ori and/or oriT regions to facilitate replication and/or transfer processes, as is the case for IHF proteins during E. coli pSC101 plasmid replication (Biek and Cohen, 1989) and IncFV plasmid pED208 DNA-transfer initiation (Di Laurenzio et al., 1995).



3.7. Genes encoding for DNA-bending NAPs occur in large integrated mobile genetic elements of the class

We also assessed the presence of candidate NAP-encoding genes in known Acidithiobacillia integrated MGEs (iMGEs) identified previously in strains with closed genomes (Supplementary Table S6). Overall, 13 candidate NAPs were linked to 8 different mobile elements, in 6 different strains. NAP-encoding genes ranged from 1 to 3 per element, and invariantly pertained to IHF_A, IHF_B, HU and Alba_2 families (Table 4). All NAP-encoding iMGEs were Integrative Conjugative Elements (ICE), and ranked among largest elements in each genome analyzed (>80 kb). Among these, were the active-excising elements of A. ferrooxidans ATCC2320 (ICEAfe1 and ICEAfe2) and ‘F. caldus’ strains ATCC 51756 and SM-1 (ICEAcaTY.2 and ICEAcaSM.2) containing functional Tra-and Trb-type T4SS, for which the presence of both integrated and excised forms of the elements has been demonstrated (Bustamante et al., 2012; Acuña et al., 2013; Flores-Ríos et al., 2019a). The A. ferrooxidans CCM4253 genome showed the highest amount of integrated MGE-encoded NAPs, with 7 predicted NAPs distributed in 3 different MGEs. All identified NAP-encoding genes mapped in the vicinity of conjugative, integration/excision and restriction/modification functions (see details in Supplementary Table S6). Based on their ubiquity and location, these MGE-encoded DNA-bending NAPs are likely to aid in ICE integration into the host chromosome, or either during the elements excision, as has been previously shown in other bacteria (e.g., uropathogenic E. coli strain 536, Chittò et al., 2020). Another plausible scenario is that these proteins assist T4SS-mediated DNA-transfer initiation of the conspicuous ICE elements (Di Laurenzio et al., 1995), like those found in the acidithiobacilli. Regardless of the mechanism, the presence of ihfA, ihfB and hupA exclusively in conjugative elements point to an important contribution of these proteins to ICE molecular biology in these acidophiles.



TABLE 4 MGE-encoded candidate NAPs identified in Acidithiobacillia class genomes.
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A set of 13 highly conserved AlbA_2 protein encoding genes (Figure 5A) were found exclusively in ferrous-iron oxidizing A. ferrooxidans, A. ferridurans and A. ferrivorans strains (excepting ‘A. marinus’ SH which encoded a highly diverged ortholog), mapping in a recently acknowledged iMGE of A. ferrooxidans strains (genomic island ATCC53993_iMGE6, Moya-Beltrán et al., 2023). The immediate gene vicinity of candidate albA_2 genes is also highly conserved, encoding a type II toxin-antitoxin system upstream (BrnA, BrnT) and a MobM-family relaxase family protein downstream (Figure 5B). Inspection of the nucleotide sequence upstream putative mobM initiation codon showed a putative oriT region including two sets of characteristic inverted repeat regions, with 8 and 10 nucleotides-long stems respectively, and a 4 nucleotides-long loops (Figure 5C). This structure resembles the replication origin of streptococcal plasmid pMV158, where a recognizable site for a nicking enzyme that cuts one DNA strand - as required for mobilization of the plasmid (nic site) - is located in the loop of the IR1 site (Francia et al., 2004). In addition to albA2 orthologs, the elements identified in these iron-oxidizing acidithiobacilli also bared the above reconned HU and IHF DNA bending NAPs, either as single genes (hup) or as contiguous triplets (ihfA-hup-ihfA). Although the iMGE6-like elements have been described as integrated genomic islands, the presence of the mobilization hallmark genes prompt their reclassification as Integrative Mobilizable Elements (IMEs). Although AlbA_2 domain containing proteins are known to be widely distributed in archaea, bacteria and a number of eukaryotes, its association with bacterial MGEs had not been previously established. Further research is needed to understand the potential functions and implications of the AlbA_2 NAPs in MGEs biology.
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FIGURE 5
 Conserved AlbA_2 NAP PF in iMGEs of Acidithiobacillia class representatives. (A) Clustering analysis of Alba_2 proteins based on pairwise BlastP identity values, shown as heatmap. (B) Gene vicinities of candidate Alba_2 NAPs in iron oxidizing A. ferrooxidans, A. ferridurans and A. ferrivorans strains. Conserved occurrence of a MobM relaxase and toxin-antitoxin system genes (brnTA) in the immediacy of albA_2 suggest iMGE6 is an Integrative Mobilizable Element (IME). Only a representative segment of each contig (up to 10 kb upstream and downstream Alba_2 CDS) is depicted. (C) Putative oriT region upstream the mobM gene, containing two sets of inverted repeats sequences (IR1 and IR2) and putative binding sites corresponding to Prodoric matrix CRP/Vfr (MX000371 and MX000110, scores of 6.22 and 6.91 respectively), NtcA (MX000209, score of 9.69) and VarR (MX000401, score of 6.03) are shown. Predicted-35 and-10 regions for sigma 70 promoter and SD, Shine-Dalgarno sequence are shown upstream of putative mobM initiation codon. Gene names abbreviations used are: res, type-III restriction protein res subunit; GNAT, GNAT family N-acetyltransferase; nuoB, NADH-quinone oxidoreductase subunit B; pep, phosphoenolpyruvate-utilizing protein mobile región; istB, IstB domain ATP-binding protein; copG, CopG DNA-binding domain; alba_2, Alba_2 DNA-binding domain containing protein; hyp, conserved hypothetical protein; mobM, MobM relaxase family protein; czcD, Co/Zn/Cd efflux system component; merR, Pb/Cd responsive transcriptional regulator MerR family; M, methyltransferase; atpC, ATP synthase F1, epsilon subunit; cyt b, cytochrome b/b6 containing protein, nickel-dependent hydrogenases b-type cytochrome subunit; rpoS, RNA polymerase sigma-54 factor; tnp, ISL3-like element ISTfe1 or IS66-like element ISAfe4 family transposase; hyd, alpha/beta hydrolase; IS66, IS66 family insertion sequence hypothetical protein; M, methyltransferase; acp, beta-ketoacyl-ACP synthase II. Red dotted box shows a putative oriT region upstream mobM coding gene.




3.8. Flexible NAPs are useful signatures to identify MGEs in Acidithiobacillia genome sequences

Given the ubiquity of flexible NAP-encoding genes in episomal and integrated MGEs, we next assessed the value of Acidithiobacillia flexible NAPs as seed sequences to identify novel MGEs. To this end, we focused on 2 frequently occurring flexible NAPs, KfrA and H-NS. Using this strategy, various as-of-yet unknown episomal and integrated MGEs or fragments of these, were uncovered from both complete and draft genomes of the class. We first inspected genomic loci and unassembled contigs gathered using the plasmid-related protein KfrA. Clustering analysis of KfrA family orthologues revealed 5 main amino acid sequence variants of the protein, named clusters 1A, 1B, 2A, 2B, and 3 (Figure 6A). KfrA-cluster 1 and cluster 2 held the largest number of hits and matches to already known plasmids of ‘F. caldus’ and A. ferrivorans strains (Figure 6B), represented by the ‘F. caldus’ type strains  pAca1.1 plasmid (cluster 1A, Acuña et al., 2013) and the A. ferrivorans CF27/PRJEB5721 pAFERRI plasmid (cluster 2A, Tran et al., 2017). Undescribed plasmid candidates were also retrieved for A. thiooxidans, ‘A. ferruginosus’ and A. ferriphilus less-well characterized strains. KfrA-cluster 1B variant mapped to the pTC-F14 ‘F. caldus’ plasmid (Rawlings, 2005) and pAfPQ33-plasmid from A. ferrivorans (Ccorahua-Santo et al., 2017), and two other strains isolated from Pasco, Perú. Additional cluster 2B and 3 variants harbored mostly novel plasmid candidates pertaining to 4 A. ferridurans, 3 A. ferrooxidans, 1 A. ferrivorans and 1 ‘A. monserratensis’ strain. These plasmid-like contigs also bared genes encoding plasmid replication (repABC), mobilization (mobABCDE), segregation (parAG), toxin/antitoxin stabilization systems, along with plasmid cargo genes, such as c-di-GMP EAL/PilZ-containing control module (Figure 6B). Presence of these plasmid hallmark genes, related to key aspects of plasmid biology, strongly suggest that the identified contigs correspond to novel plasmids of the class. Interestingly, most of ihfA (8 out of 9 proteins) and ihfB (5 out of 6) found in these plasmid-like contigs encoded proteins belonging to a single IHF_A or IHF_B PF, suggesting the coevolution of these NAPs within the plasmid-like contigs, behaving as cohesive heritable units.
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FIGURE 6
 KfrA proteins in Acidithiobacillia class plasmids. (A) Clustering analysis of KfrA proteins based on pairwise BlastP identity values, shown as heatmap. Five main clusters and a number of subclusters were recognized. (B) Representative plasmids and plasmid-like contigs containing genes encoding KfrA protein variants in selected Acidithiobacillia. Known plasmids were chosen as representatives of KfrA clusters 1A (pAca1.1), 1B (pTC-F14), 1B (pAfPQ33) and 2A (pAFERRI). Additional clusters grouped exclusively novel candidate plasmid-like elements: 1B (pA20.1), 1B (pRiv11.1), 2B (pAMO.1), 2B (p33020.n5), and 3 (pIO2C). KfrA DNA-binding protein coding genes (purple) are indicated. Predicted plasmid replication proteins (yellow), MOB relaxases (green), toxin-antitoxin systems (red), transposases/integrases (brown) and integration host factor alpha subunits (blue) coding genes are also indicated.


We next focused on the conservation and location of Acidithiobacillia of H-NS encoding gene orthologs, a major component of the E. coli nucleoid. In E. coli H-NS acts as a global transcriptional regulator, modulating both transcription initiation and elongation stages (Grainger, 2016), while in Salmonella H-NS binding preferences for AT-rich regions has prompted the recognition of its role in foreign-DNA silencing (Navarre et al., 2007). H-NS orthologs were identified exclusively in strains of the “dual physiology” (iron/sulfur) clade of Acidithiobacillia, yet not in all its acknowledged species (Moya-Beltrán et al., 2021). Due to this scattered pattern of occurrence, it is unlikely that H-NS plays the essential role that it does in E. coli, and it is more likely that it forms part of the mobilome of this restricted group of species (Figure 2C). Acidithiobacillia class H-NS orthologues showed lower heterogenicity at the amino acid-sequence level, clustering as 3 variants with unbalanced representativity in the analyzed set: (a) cluster-1 variants occurring principally in A. thiooxidans strains [n = 37, 85.2–100% identity], (b) cluster-2 variants occurring almost exclusively in A. ferrivorans strains [n = 7, 92.7–100% identity] and (c) cluster-3 variant, present only in A. ferriphilus ST2 (Supplementary Figure S7A). Analysis of H-NS variants immediate genes contexts revealed subgroups with partially conserved MGE-like features (Supplementary Figure S7B), including type-I restriction-modification systems, unclassified methyltransferase and endonuclease coding genes, toxin/antitoxin systems, recombinases/integrases, and many hypotheticals. Both the hns gene location and its pattern of occurrence, restricted to the two species with the larger genomes in the class (A. thiooxidans and A. ferrivorans), suggests H-NS could act as xenogeneic silencer favoring the acquisition and integration of DNA from exogenous sources into these strains  chromosomes, while avoiding the burden of unregulated expression of newly acquired genes.

To test this hypothesis we analyzed RNA-seq data obtained from A. thiooxidans ATCC 19377 cells grown on elemental sulfur, and inspected the expression patterns of the genes in the vicinity of hns. Results obtained showed that the H-NS coding gene is located within a predicted ICE spanning 152 kb. The H-NS coding gene, as well as other genes located in its immediate vicinity, including a DNA polymerase IV (dinB), an error-prone DNA polymerase (umuD) and a toxin/antitoxin system (TA), were expressed at low levels, approaching the genome average (RNA-seq coverage ~1.0). However, the vast majority of the regions within the predicted MGE showed negligible transcription levels (Supplementary Figure S8). Although H-NS mediated xenogeneic silencing of this MGE serves as a plausible explanation for these results, demonstration of causality requires further experimental work.




4. Conclusion

By using a combination of comparative genomic and phylogenetic strategies we analyzed 93 genomes of the different species that conform the Acidithiobacillia class and identified a total of 1,197 NAPs belonging to 12 different protein families. Pangenome analyses showed a conserved signature of 6 NAPs encoded in all Acidithiobacillia class sequenced species, most likely representing an essential set of housekeeping proteins needed for chromosome condensation, maintenance, and partitioning, along with other DNA transactions. This set of single-copy genes could be useful as potential chromosome-architecture structural markers, and as completeness assessment markers for metagenome-assembled and/or draft genomes. Phylogenetic analysis of core NAPs showed that both SMC and Fis proteins sensibly and accurately recapitulate the proposed phylogeny of the class, a much-sought property in discriminant markers. A positive correlation between the number of flexible NAPs and genome size was uncovered in this work, which is largely explained by an increase in the number of HU, IHF_A and IHF_B variants in species with larger genomes. Thus, expansion and/or acquisition of NAP coding genes closely accompanies species diversification in this taxon. Frequent association of Acidithiobacillia class flexible NAPs with both episomal and integrated MGEs, offer additional causalities to this observation. MGE-associated NAPs are likely to play diverse roles including: (i) aiding in replication and/or maintenance of episomal MGEs, (ii) mediating integration/excision of episomal/integrated MGEs, (iii) modulating transfer of mobilizable elements, and/or (iv) silencing expression of MGE-encoded genes. Hypothesis emerging from this analysis will surely guide future experimental research and help determine the specific roles each NAP PFs plays in Acidithiobacillia class physiology and adaptation to their harsh environments.
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Introduction: Alicyclobacillus has been isolated from extreme environments such as hot springs, volcanoes, as well as pasteurized acidic beverages, because it can tolerate extreme temperatures and acidity. In our previous study, Alicyclobacillus was isolated during the enrichment of methane oxidizing bacteria from Yellowstone Hot Spring samples.

Methods: Physiological characterization and genomic exploration of two new Alicyclobacillus isolates, AL01A and AL05G, are the main focus of this study to identify their potential relationships with a thermoacidophilic methanotroph (Methylacidiphilum) isolated from the same hot spring sediments.

Results and discussion: In the present study, both Alicyclobacillus isolates showed optimal growth at pH 3.5 and 55°C, and contain ω-alicyclic fatty acids as a major lipid (ca. 60%) in the bacterial membrane. Genomic analysis of these strains revealed specific genes and pathways that the methanotroph genome does not have in the intermediary carbon metabolism pathway such as serC (phosphoserine aminotransferase), comA (phosphosulfolactate synthase), and DAK (glycerone kinase). Both Alicyclobacillus strains were also found to contain transporter systems for extracellular sulfate (ABC transporter), suggesting that they could play an important role in sulfur metabolism in this extreme environment. Genomic analysis of vitamin metabolism revealed Alicyclobacillus and Methylacidiphilum are able to complement each other’s nutritional deficiencies, resulting in a mutually beneficial relationship, especially in vitamin B1(thiamin), B3 (niacin), and B7 (biotin) metabolism. These findings provide insights into the role of Alicyclobacillus isolates in geothermal environments and their unique metabolic adaptations to these environments.

KEYWORDS
 Alicyclobacillus
, thermoacidophilic bacterium, genome sequencing and annotation, Yellowstone Hot Springs, geothermal environment


1. Introduction

Alicyclobacilli are rod-shaped, gram-positive, spore-forming, and thermo-acidophilic bacteria usually isolated from soil, hot springs, volcanoes, acidic drinks, and equipment from fruit juice manufacturers (Smit et al., 2011; Ciuffreda et al., 2015). In 1992, thermophilic Bacillus species were reclassified in a new genus Alicyclobacillus based on 16S rRNA sequence analysis and named for the presence of cyclic-fatty acids as the major natural membrane lipid component (Wisotzkey et al., 1992). These lipids contain fatty acids with a ω-cyclohexane ring that provides stability and integrity to membrane structure at high temperature. They exibit a wide growth temperature range (20°C–70°C) and pH values (0.5–7.5), although their optimum growth is mostly in the acidic region (<pH 4.5) (Ciuffreda et al., 2015). This ability of Alicyclobacillus to tolerate extreme environments has made them an attractive target for studying extreme environments and conditions.

Several studies have isolated Alicyclobacillus from various extreme environments found in geothermal regions of the world, indicating their adaptability to extreme environments. For example, several species of Alicyclobacillus acidocaldarius, Alicyclobacillus acidoterrestris, Alicyclobacillus cycloheptanicus, Alicyclobacillus fastidiosus, Alicyclobacillus ferrooxydans, Alicyclobacillus hesperidum, Alicyclobacillus kakegawensis, Alicyclobacillus mali, Alicyclobacillus sendaiensis, Alicyclobacillus shizuokaensis, Alicyclobacillus tegnchongensis, Alicyclobacillus tolerans, and Alicyclobacillus vulcanalis have been isolated from hot soil, solfataric soil, hot spring soil, or geothermal pool samples, with optimum growth temperatures ranging from 40°C to 60°C (Wisotzkey et al., 1992; Albuquerque et al., 2000; Tsuruoka et al., 2003; Simbahan et al., 2004; Karavaiko et al., 2005; Goto et al., 2007; Jiang et al., 2008; Kim et al., 2014; Ciuffreda et al., 2015; Aulitto et al., 2021).

Yellowstone National Park hotspring is a geothermal area with a rich diversity of microorganisms adapted to the extreme conditions of high temperature and acidity. Methanotrophs have been studied in this environment because they play a crucial role in the biological cycling of methane and carbon. During the attempt to isolate methanotrophs from Yellowstone Hot Spring samples (Kim et al., 2022), our research team isolated Alicyclobacillus species from Nymph Lake (89.9°C, pH 2.73.) and the Norris Geyser Basin (43.6°C, pH 3.06). After cultivation of the hot spring samples (sediment plus spring water) with 25% CH4 and 8% CO2 gas composition, tiny colonies were found adjacent to and overlapping with the slow growing methanotroph colonies on the plates that were determined to be Alicyclobacillus by 16S rRNA gene sequencing (Supplementary Figure S1). Since Alicyclobacillus is unable to grow on methane as a carbon source, we hypothesized that it could survive in the harsh condition of hotspring sediments by endospore formation and a cross-feeding interaction using a metabolite (s) from methanotrophs.

Physiological and genomic characterization of Alicyclobacillus isolates can provide valuable insights into their potential roles in the geothermal environment and their interactions with other microorganisms. Therefore, this study aimed to characterize and explore the genomic features of the two new Alicyclobacillus isolates, AL01A and AL05G, and investigate their potential syntrophic relationships with methanotroph isolated from the same hotspring sediment enrichments.



2. Materials and methods


2.1. Isolation and identification of Alicyclobacillus

Samples used in this study were collected from Nymph Lake and Norris Geyser Basin in Yellowstone National Park (Table 1) in September 2017 under permit YELL-2017-SCI-5684. Samples of sediment and spring water were collected from the sites as previously described (Campbell et al., 2017). Briefly, water and sediment designated for culturing were collected in sterile bottles, rinsed once with spring water, and then kept at room temperature while being transported to the laboratory at the University of Illinois at Urbana-Champaign. Samples were delivered to the lab within 1 week of collection. A total of 5 g of sediment and spring water samples were inoculated into the 40 mL of V42 mineral medium at pH 2.0 and incubated at 60°C with 25% CH4 and 8% CO2 in the headspace to isolate methanotrophs as described in our previous study (Kim et al., 2022). During the isolation and identification steps, mixed colonies with methanotrophs and Alicyclobacillus-related species were observed on the V42 agar plates (Supplementary Table S1, V42 mineral medium supplemented with 15 g/L of phytagel). The tiny colonies beside the large methanotroph colonies (Supplementary Figure S1) were isolated and then identified by 16S rRNA sequencing using the 16S universal primer (27F AGAGTTTGATCCTGGCTCAG, 1492R ACGGCTA CCTTGTTACGACTT). Forward and reverse reads from the amplicons were merged and analyzed with the NCBI nucleotide collection (nr/nt) database.



TABLE 1 Isolation and identification of Alicyclobacillus from Yellowstone National Park sediment samples.
[image: Table1]



2.2. Optimum growth condition of the Alicyclobacillus isolates

Two Alicyclobacillus isolates from Yellowstone National Park (AL01A and AL05G) were maintained individually at −80°C in Alicyclobacillus medium (Palop et al., 2000) containing 40% glycerol. Alicyclobacillus medium contains 0.2 g/L (NH4)2SO4, 0.5 g/L MgSO4·7H2O, 0.25 g/L CaCl2·2H2O, 3 g/L KH2PO4, 1 g/L yeast extract, and 1 g/L dextrose. In preparation for experiments, each strain was grown in Alicyclobacillus medium and adjusted to pH 3.5 for 24 h at 55°C. Effects of temperature (30, 37, 50, 55, 60, and 70°C) and pH (2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0) on bacterial growth were tested. The pH of the medium was adjusted using HCl or NaOH. Bacterial growth at 0, 2, 4, 6, 8, 10, 12, and 24 h was monitored by measuring the optical density at 600 nm. The growth rate at different pH conditions was calculated using the equation [image: image], where two optical density (OD) values were chosen on the exponential line (OD1 and OD2) and the corresponding time points are T1 and T2, respectively.



2.3. Phenotypic and biochemical characterization

The carbon sources and other chemical utilization and tolerance patterns were determined using the Biolog Microstation system with GEN III microplates. The test panel contains 71 carbon sources, 23 chemical sensitivity assays, and wells for the positive (maximum growth) and negative (no carbon source) controls. Bacterial cultivation and inoculation were performed according to the manufacturer’s instructions with some modifications. For example, bacterial cells were cultivated in the Alicyclobacillus medium with the optimized pH adjusted using 0.1 N HCl and temperature conditions (pH 3.5 and 55°C). The inoculum was prepared with inoculum fluid and 100 μL of this inoculum was distributed into each well of the Biolog 96-well microplate and incubated. After incubation, the appearance of positive purple wells was measured using a microplate reader.



2.4. Minimum inhibitory concentration determination

Methanol and formate solutions were freshly prepared before each experiment. The minimum inhibitory concentration (MIC) values for AL01A and AL05G were determined by the method currently recommended by Clinical and Laboratory Standards Institute (CLSI). In brief, each microdilution well containing 100 μL of the corresponding two-fold dilution (from 0.039 to 5 mM) was inoculated with 100 μL of a cell suspension (final concentrations of approximately 5.0 × 105 colony forming unit (CFU)/mL). The microdilution trays were incubated at 55°C for 18 h, and the MIC was defined as the lowest concentration of materials for which no visible bacterial growth was observed. In each case, cell suspensions inoculated in the absence of the materials served as a positive control.



2.5. Gas chromatography analysis: membrane fatty acid and guaiacol production

Bacterial pellets were collected by centrifugation (12,000 rpm, 1 min) after culture at 55°C for 24 h. Cells were treated with ultrasound using QSonica system (QSonica LLC, CT, United States). Fatty acids were extracted by methanol:chloroform (1:2 v/v) mixture, evaporated under N2 to dryness and derivatized into their methyl esters. Fatty acids were converted into their methyl esters and analyzed using a GC-MS system (Agilent Inc., CA, United States) consisting of an Agilent 7890B gas chromatograph, an Agilent 5977A MSD, and ZB-5MS (60 m × 0.32 mm I.D. and 0.25 mm film thickness) capillary column (Phenomenex, CA, United States). The inlet and MS interface temperatures were 250°C, and the ion source temperature was 230°C. An aliquot of 1 mL was injected with the split ratio of 10:1. The helium carrier gas was kept at a constant flow rate of 2.4 mL/min. The temperature program was: 2 min at 150°C, followed by an oven temperature increase of 5°C/min to 300°C. The mass spectrometer was operated in positive electron impact mode (EI) at 69.9 eV ionization energy at m/z 33–500 scan range.

Guaiacol (2-methoxy phenol) in the supernatants was analyzed using a GC-MS system (Agilent Inc.) consisting of an Agilent 7890B gas chromatograph, an Agilent 5977A MSD, and Innowax-HP (30 m × 0.25 mm I.D. and 0.25 mm film thickness) capillary column (Agilent, United States). The inlet, MS interface, and ion source temperature were 230°C. An aliquot of 2 mL was injected with the split ratio of 10:1. The helium carrier gas was kept at a constant flow rate of 1 mL/min. The temperature program was: 2 min at 70°C, followed by an oven temperature increase of 10°C/min to 250°C and hold for 2 min. The mass spectrometer was operated in positive electron impact mode (EI) at 69.9 eV ionization energy at m/z 33–500 scan range. Values were evaluated by the Mass Hunter Quantitative Analysis B.08.00 (Agilent Inc.).



2.6. DNA extraction, gDNA library preparation, and genome sequencing

Isolated Alicyclobacillus colonies were used for the extraction of genomic DNA (gDNA) using a DNeasy® Blood & Tissue Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s instruction. DNA concentrations were then measured by Qubit with a dsDNA HS assay kit (Life Technologies, Thermo Fisher Scientific Inc., CA, United States). DNA concentrations of AL01A from Nymph Lake and AG05G from Norris Geyser Basin were 3.49 μg/mL (total 698 ng) and 2.81 μg/mL (total 562 ng), respectively. The shotgun gDNA library for the samples was prepared with a Hyper library construction kit (Kapa Biosystem, MA, United States). gDNA libraries were quantitated by qPCR and confirmed by gel electrophoresis. Sequencing was carried out with 251 cycles from each end of the fragments on a NovaSeq 6000 (Illumina, Inc.) using a NovaSeq SP reagent kit (Illumina). Fastq files were generated and demultiplexed with the bcl2fastq v2.20 conversion software (Illumina). A total of 75,261,725 and 59,440,504 paired-end reads with a read size of 250 × 2 nt were obtained for AL01A and AL05G, respectively (Table 2). The Phred quality-scores used an ASCII offset of 33 known as Sanger scores.



TABLE 2 Whole genome sequencing of Alicyclobacillus isolates from Yellowstone National Park.
[image: Table2]



2.7. Genome assembly

Since the initial coverage depth of each sample was too high (9,845 and 12,466 for AL01A and AL05G, respectively), Seqtk was used to adjust the coverage depth to 100×. Processed paired-end genome sequencing reads were subject to de novo metagenome assembly using MetaSpades (ver. 3.14.1). Contigs shorter than 1 kb were dropped from the pool. Original reads were mapped to the contigs using BWA (ver. 0.7.17) and the read coverage of each contig was calculated. Contigs were identified based on the presence of repeated sequences on both ends using the previously described protocol (Jørgensen et al., 2014).



2.8. Comparative genome analysis

The genomes were mapped to A. acidocaldarius and A. sendaiensis reference genomes using BWA. The average nucleotide identity (ANI) was also calculated by comparing the sequences with other strains. All available genome sequences in RefSeq database (National Center for Biotechnology Information, NCBI) were adopted as reference genomes and genomic data were obtained from the NCBI site. Pyani (ver. 0.2.10) was used to generate the phylogeny from the comparative analysis of the ANI values.



2.9. Metabolic pathways and relative gene alignment analysis

Open reading frames on the assembled contigs (89 and 339 contigs each) were identified and translated into amino acid sequences using PROKKA (ver. 1.14.6). Taxonomic and functional annotations were performed by searching all potential amino acid sequences against KEGG and EggNOG. Clusters of orthologous group (COG) functional categories of the annotated genes were characterized by eggNOG-mapper (ver. 2.0) analysis. Antimicrobial resistance genes were identified based on the comprehensive antibiotic resistance database (CARD; https://card.mcmaster.ca).



2.10. Nucleotide sequence accession numbers and data availability

The assembled genomes have been deposited at the NCBI under submission number SUB13701364 (BioProject number: PRJNA997735; BioSample number: SAMN36688594; Accession number: JAUPJT000000000) and SUB13702191 (BioProject number: PRJNA997737; BioSample number: SAMN36688642; Accession number: JAUPJS000000000) for AL01A and AL05G, respectively. The version described in the manuscript is the first version.



2.11. HPLC analysis: metabolite production

Bacterial supernatants were collected by centrifugation (12,000 rpm, 1 min) after culture at 55°C for 24 h and then filtered with syringe filters (0.2 μm). Lactate, acetate, succinate, glucose, citrate, pyruvate, formate, and ethanol were measured using a Shimadzu LC-20AD Series HPLC system (Shimadzu Corporation, Kyoto, Japan) consisting of Shimadzu LC-20AD HPLC pump, Shimadzu series DGU-20A5R Degasser, and a Shimadzu SIL-10AF autosampler. Samples were injected into an Aminex HPX-87P column (Bio-Rad Laboratories, Hercules, CA, United States) and then detected with Shimadzu RID-10A refractive index detector and SPD-20A UV/VIS detector (Shimadzu Corporation).




3. Results


3.1. Optimum bacterial growth conditions of Alicyclobacillus strains isolated from Yellowstone Hot Spring samples

Previously, we isolated small, round, and transparent colonies during the isolation of methanotrophs from Yellowstone Hot Spring samples (Kim et al., 2022). The 16S rRNA-based PCR of the isolates identified Alicyclobacillus species from Nymph Lake and Norris Geyser Basin samples with 96.41% and 97.44% identity to A. acidocaldarius, respectively (Table 1). We named them AL01A and AL05G. Strains AL01A and AL05G had optimum growth temperatures (about 55°C) that were very similar to the other reference strains. Both strains could grow at 60°C but showed a reduced growth rate compared to 55°C and could not grow at 37°C. The growth curves of bacteria cultured in Alicyclobacillus medium at 55°C in a pH range from pH 2.0 to 5.0 are presented in Figure 1. In general, Alicycobacillus isolates grew rapidly and reached high optical density at pH 3.5 followed by pH 3.0 and pH 2.5. Bacterial growth was inhibited when pH was less than 2.0 or more than 4.5 with the optical density under these pH conditions at 6 h ranged from 0.005 to 0.08 while the optical density at pH 3.5 reached 0.63 and 0.36 in AL01A and AL05G, respectively. The growth rate (μ) of each isolate is shown in Figures 1B,D. The maximum growth rate of strain AL01A was 0.57 h−1 at pH 3.5, while that of strain AL05G was 0.42 h−1 at pH 3.0. As both strains grew well and showed maximum optical density at pH 3.5, this was determined to be the optimum pH condition for growth. The final pH of the cultures at 24 h generally decreased compared to the initial pH conditions except for the AL01A cultures at pH 5.0 (final pH: 5.45).

[image: Figure 1]

FIGURE 1
 (A,C) The bacterial growth curve of Alicyclobacillus strains AL01A and AL05G at 55°C with different pH ranging from 2.0 to 5.0. (B,D) Maximum growth rate (μ) and final pH at 24 h represented as bars with red dotted line and black solid line graphs, respectively. (A,B) AL01A, (C,D) AL05G.




3.2. Carbon source utilization and chemical sensitivity

Carbon sources used for growth are important determinants for identification and classification of bacteria. Therefore, carbon source utilization of Alicyclobacillus strains was assessed by employing the Biolog GEN III MicroPlate system to obtain an overview of metabolic profiles (Figure 2). Both strains AL01A and AL05G were shown to have high capability to use D-fructose-6-PO4, D-glucose-6-PO4, L-rhamnose, fucose, 3-methyl glucose, D-galactose, D-fructose, and D-mannose. Both strains were unable to use p-hydroxy phenylacetic acid as a carbon source. There was no growth observed on amino acids such as L-serine, L-pyroglutamic acid, L-glutamic acid, L-aspartic acid, L-arginine, L-alanine, and glycyl-L-proline. The system also showed that the growth of Alicyclobacillus strain AL01A and AL05G was not inhibited by tetrazolium blue, tetrazolium violet, fusidic acid, and 4% NaCl.

[image: Figure 2]

FIGURE 2
 (A,B) Carbon source utilization and (C,D) chemical sensitivity test of (A,C) AL01A and (B,D) AL05G. The green and red bars indicate positive and negative reactions, respectively. The measurements were taken using optical density at 600 nm and subsequently normalized to the control value.




3.3. Identification of Alicyclobacillus strains using genomic information

The two isolates had the following genomic features confirmed by the whole genome sequencing: number of contigs (89 and 339 contigs, respectively), total sequence length (3.2 and 3.7 Mbp), GC content (62.1% and 61.8%), and coding DNA sequence (3,121 and 3,598 CDS) (Table 2). For comparison, ANI values were also calculated not only with two species shown in 16S rRNA-based PCR with % identity (A. acidocaldarius DSM 446 and A. sendaiensis NBRC 100866) but also 35 other Alicyclobacillus species deposited in the NCBI database. In contrast to the 16S rRNA PCR results, the AL01A and AL05G genomes showed the highest ANI values (0.97) against A. sendaiensis NBRC 100866, while their ANI values against A. acidocaldarius DSM 446 was 0.86 (Figure 3). When the sequencing reads of each isolate were mapped to the reference A. sendaiensis genome, the overall alignment rate was 74.74% and 71.31%, respectively for the two strains.

[image: Figure 3]

FIGURE 3
 Average nucleotide identity among AL01A, AL05G, and 35 reference Alicyclobacillus strains. Reference strains include A. acidocaldarius DSM 446 and A. sendaiensis NBRC 100866) but also other Alicyclobacillus species registered in the NCBI database (A. tolerance BL-1, A. mengziensis S30H14, A. ferroxydans TC-34, A. fructus FSL-W10-0057, A. fructus FSL-W10-0059, A. pomorum DSM 14955, A. hesperidum DSM 12489, A. hesperidum URH17-3-68, A. tengchongensis CGMC C1504, Alicyclobacillus sp. TC, A. montanus USBA-GBX-503, A. cellulosilyticus JCM 18487, A. vulcanalis DSM 16176, A. kakegawensis NBRC 103104, A. shizuokensis NBRC 103103, A. sacchari DSM 17974, A. macrosporangiidus CP P55, A. macrosporangiidus DSM 17980, A. herbarius DSM 13609, A. acidiphilus NBRC 100859, A. contaminans DSM 17975, A. acidoterrestris NBRC 106287, A. suci FSL-W10-0048, A. suci VF-FSL-W10-0049, Alicyclobacillus sp. SP_1, Alicyclobacillus sp. SO9, A. acidoterrestris DSM 392, A. acidoterrestris ATCC 49025, A. acidocaldarius subsp. Acidocaldarius TC-4-1, A. mali NBRC 102425, A. mali FL18, A. mali FSL-W10-0018, and A. mali FSL-W10-0037. A heatmap was produced utilizing relative values ranging from 0.81 (red) to 1.00 (green).




3.4. Minimum inhibitory concentration

The susceptibility of AL01A and AL05G cultivated at pH 3.5 at 55°C was assessed against methanol and formate (0.04 to 5 mM) using the broth microdilution method (Figure 4A). Minimum inhibitory concentrations (MICs) against methanol and formate were 1.25 mM and 0.31 mM, respectively, in both strains.

[image: Figure 4]

FIGURE 4
 (A) The minimum inhibitory concentration of methanol and formate for Alicyclobacillus isolates AL01A and AL05G in the presence of methanol and formate. (B) Guaiacol production of AL01A and AL05G. (C,D) Membrane fatty acid composition of AL01A and AL05G. The pie graph indicates the relative composition of the membrane fatty acids, while the bar graph indicates quantitative fatty acids. All experiments were performed in triplicate.




3.5. Membrane fatty acid composition

The membrane fatty acid composition of two isolates is shown in Figures 4C,D. A total of 15 different fatty acids were found in the bacterial membrane in this study. The 11 predominant fatty acids identified were C14:0 13-methyl, tetradecenoic acid [C14:1 (cis-9)], pentadecylic acid (C15:0), palmitic acid (C16:0), C16:1 14-methyl, stearic acid (C18:0), eicosanoic acid (C20:0), decosanoic acid (C22:0), lignoceric acid (C24:0), methyl 11-cycloheptylundecanoate, and methyl 11-cyclohexylundecanoate; while the other four minor fatty acids were myristic acid (C14:0), palmitoleic acid [C16:1 (trans-9)], heptadecanoic acid (C17:0), eladic acid [C18:1 (trans-9)] for which composition values were below 1%.

The composition of ω-alicyclic fatty acids in AL01A and AL05G membranes was approximately 60% (62.89% and 59.90%, respectively). The isolates showed the highest amount of methyl 11-cyclohexylundecanoate (704.46 and 625.81 ng per mg of AL01A and AL05G samples dry weight, respectively) followed by methyl 11-cycloheptylundecanoate (443.92 and 388.92 ng per mg of samples dry weight).



3.6. Clusters of orthologous groups

COG categories of the annotated genes (2,615 and 2,866 genes in AL01A and AL05G, respectively) are shown in Figure 5. Approximately 17% of the annotated genes in both genomes were of unknown function. The highest portion of annotated genes belonged to amino acid metabolism and transport (9.3% and 9.2%, respectively) followed by carbohydrate metabolism and transport (7.7% and 7.6%), replication and repair (7.7% and 7.8%), and transcription (7.4% and 7.7%).

[image: Figure 5]

FIGURE 5
 Clusters of orthologous groups (COGs) category of the (A) AL01A and (B) AL05G genomes analyzed by EggNog mapper.




3.7. Genes associated with energy, nitrogen and sulfur metabolism

For comparison, genes associated with energy metabolism in the two Alicyclobacillus isolates, A. acidocaldarius DSM 446, and Methylacidiphilum YNP IV genome were analyzed. In Supplementary Figure S3–S5, the presence of the gene in each bacterial genome assembly was indicated by color in the KEGG metabolic pathway (red: AL01A, orange: AL05G, yellow: A. acidocaldarius DSM 446, green: YNP IV). Most genes related to intermediary carbon metabolism in Alicyclobacillus isolates AL01A and AL05G overlapped with that in Methylacidiphilum YNP IV (Supplementary Figure S3). The exceptions are the genes encoding phosphoserine aminotransferase (serC) and phosphosulfolactate synthase (comA) that are not found in the Methylacidiphilum YNP IV genome. The gene encoding glycerone kinase (DAK; also known as Dihydroxyacetone kinase) was only found in AL01A genome, while it was not present in the AL05G and A. acidocaldarius DSM 446 genome.

Genes associated with nitrogen metabolism showed that Alicyclobacillus isolates have no system for denitrification, nitrogen fixation, and nitrification while the methanotroph Methylacidiphilum YNP IV was shown to have these systems based on the genome information (Supplementary Figure S4). Instead, Alicyclobacillus isolates seem to play an important role in sulfur metabolism. Both AL01A and AL05G have transporter systems for the extracellular sulfate (ABC transporter) (Supplementary Figure S5). Compared to the A. acidocaldarius DMS 446 genome, however, our isolates do not have genes associated with the alkane sulfonate transporter system found in Methylacidiphilum YNP IV.



3.8. Antimicrobial resistance-related genes

The Resistance Gene Identifier (RGI) algorithmically predicts antimicrobial resistance genes from submitted genomes.1 A strict RGI match is not identical to the reference protein sequence but the bit-score of the matched sequence is greater than the BLASTP bit-score cutoff, while loose RGI matches have a bit-score less than the BLASTP bit-score cut-off. Among the antimicrobial resistance genes in both AL01A and AL05G, three strict hits on small multidrug resistance (SMR) antibiotic efflux pump, vanT, and glycopeptide resistance gene cluster, were observed (Supplementary Tables S2 and S3). The top three antimicrobial resistance gene families by number among loose hits were the ATP-binding cassette (ABC) antibiotic efflux pump, major facilitator superfamily (MFS) antibiotic, and resistance-nodulation-cell division (RND) antibiotic efflux pump.



3.9. Vitamin metabolism

Genes involved in vitamin metabolism in the two Alicyclobacillus isolates, A. acidocaldarius DSM 446 and Methylacidiphilum YNP IV are depicted in Figure 6; Supplementary Figures S5–S16. Through genome analysis, it was revealed that Alicyclobacillus utilizes cysteine and glycine in vitamin B1 (thiamin) metabolism, whereas Methylacidiphilum YNP IV employs the tyrosine biosynthetic pathway for this purpose (Supplementary Figure S5). Alicyclobacillus also possesses the enaC gene, which encodes for thiamin monophosphate phosphohydrolase, an enzyme responsible for the production of thiamine as the final product (Figure 6A). Furthermore, it was found that both Alicyclobacillus and Methylacidiphilum YNP IV utilize different genes in the process of NAD+ and NADP+ synthesis (nad E and ppnK in Alicyclobacillus; NADSYN1 and NNT in Methylacidiphilum YNP IV) for vitamin B3 (nicotinic acid) metabolism. Although all the tested genomes contain the genes for producing nicotinate (pncB), only Alicyclobacillus genomes have the genes responsible for mediating intermediate production (punA, ushA, and SIR2) (Figure 6B).
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FIGURE 6
 Presence of genes associated with vitamin metabolism. (A) Vitamin B1 (thiamin), (B) vitamin B3 (nicotinic acid), (C) vitamin B5 (pantothenate), (D) vitamin B6 (pyridoxine), (E) vitamin B7 (biotin), and (F) vitamin K (metaquinone). Red, orange, yellow, and green indicate the presence of genes in the AL01A, AL05G, A. acidocaldarius DSM 446, and YNP IV genome. White indicates the absence of genes.


The Methylacidiphilum YNP IV genome was found to possess genes (preT and dht) responsible for utilizing uracil to produce β-alanine in vitamin B5 metabolism, while Alicyclobacillus could potentially produce β-alanine from L-aspartate or 3-aminopropanal via panD or ALDH gene expression, respectively (Figure 6C). Regarding vitamin B6 metabolism, only the Methylacidiphilum YNP IV genome was found to contain pdxH, a gene that plays a critical role in pyridoxamine oxidoreductase activity. Though Alicyclobacillus lacks the pdxH gene, it could utilize glutamine and metabolites from pentose phosphate pathway (D-ribose-5-phospate) and glycolysis (D-glyceraldehyde 3-phospate) to produce vitamin B6 through the expression of the pdxS gene (Figure 6D). In vitamin B7 (biotin) metabolism, it was found that both Alicyclobacillus and Methylacidiphilum YNP IV possess most of the fab and bio genes involved in biotin production. However, only the Alicyclobacillus genome contains fabZ and bioF, which connects the pathway for biotin production. Regarding vitamin K (menaquinone) metabolism, both bacterial strains utilize different pathways to produce menaquinone. Methylacidiphilum YNP IV employs the mqn cluster, while Alicyclobacillus uses the men cluster.



3.10. Metabolites

Guaiacol (2-methoxy phenol) production is a common characteristic of the genus Alicyclobacillus, although the amount of this compound is variable and some strains are unable to produce guaiacol. In the current study, the isolated Alicyclobacillus species from Yellowstone National Park could produce approximately 37 pM of guaiacol (Figure 4B). HPLC analysis of the supernatants from 6 and 24 h cultures is shown in Figure 7.
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FIGURE 7
 Levels of (A) lactate, (B) acetate, (C) succinate, and (D) glucose produced or utilized by Alicyclobacillus strain AL01A and AL05G incubated at pH 3.5 and 55°C for 6 and 24 h. Citrate, pyruvate, formate, and ethanol were not detected by the HPLC method used.


Both Alicyclobacillus isolates utilize glucose in the medium (initial 6.49 mM) and produce lactate and succinate. The final level of lactate and succinate reached 2.34–3.00 and 0.93–1.66 mM, respectively. Citrate, pyruvate, formate, and ethanol were not detected by the HPLC method used.




4. Discussion

Isolating pure cultures of certain microorganisms from complex microbial consortia requires special cultivation strategies based on an understanding of growth requirements, metabolic characteristics and microbial interactions. Commonly, unintentional isolation of untargeted microorganisms or contamination of DNA occurs during cultivation for the purpose of microbial isolation (Kawanishi et al., 2011), especially from extreme environments with low microbial diversity (Delavat et al., 2012; Böhnke and Perner, 2022; Kim et al., 2022). In our study, Alicyclobacillus was inadvertantly co-cultured during the original isolation of a methanotroph from the Yellowstone Hot Spring samples. Tiny Alicyclobacillus and relatively larger Methylacidophylum YNP IV colonies grew closely together during growth on plates, which makes them difficult to separate in pure culture. During the resuscitation of the methanotroph isolates from glycerol stocks under the relaxed growth conditions at pH 3.5 and 55°C, Alicyclobacillus overgrew the methanotroph culture, and then was easily isolated as a pure culture. We describe herein the isolation of the thermoacidophilic bacteria, Alicyclobacillus AL01A and AL05G, from Yellowstone Hot Spring samples and its physiological and genomic characterization.

The first Alicyclobacillus species was isolated from hot springs in Tohoku district in Japan in 1967 and was named Bacillus acidocaldarius (Uchino and Doi, 1967). Similar bacteria were isolated from sediments in thermoacidophilic samples obtained from hotsprings in Yellowstone National Park (Darland and Brock, 1971). Interestingly, these are the same sites that we have been sampling only 50 years later. Several findings of thermo-acidophilic Bacillus strains, however, showed that they were distinct from other Bacillus species, which led to the proposal of a new genus, Alicyclobacillus (Oshima and Ariga, 1975; Hippchen et al., 1981; Wisotzkey et al., 1992; Tourova et al., 1995; Durand, 1996). Most Alicyclobacillus species optimally grow from 40°C to 55°C temperature range, while some thermotolerant species could grow at temperatures up to 70°C. Most species can grow from pH 2.0 to 6.0 and they also contained ω-cyclohexane fatty acids as the major components in their membranes (up to 65%) (Ciuffreda et al., 2015). In the present study, the new Alicyclobacillus spp. from the Yellowstone Hot Springs showed optimum growth at pH 3.5 and 55°C. This is in agreement with other studies on Alicyclobacillus strains that also demonstrated optimum growth conditions ranging from pH 3.0 to 3.5 and 55°C to 60°C (Chang and Kang, 2004; Ciuffreda et al., 2015). The composition of ω-alicyclic fatty acids was approximately 60% similar to the other Alicyclobacillus species. Guaiacol (2-methoxy phenol) production is a common characteristic of this genus, although not all Alicyclobacilli produce guaiacol that causes a characteristic disinfectant-like odor or flavor. It was reported that there was a significant variation in guaiacol production among A. acidoterrestris strains isolated from commercial fruit crop soils (Ciuffreda et al., 2015). Based on the GC-MS analysis, our isolates were confirmed to produce guaiacol.

The first completed genome sequence of the family Alicyclobacillaceae was reported in 2010 (Mavromatis et al., 2010). A. acidocaldarius strain DSM 446 had a 3.2 Mbp genome with 61.9% of G + C content and with 3,153 protein-coding genes. Approximately 32% of the annotated genes were of unknown function. The number of genes associated with the general COG functional categories were highest in general function prediction only (8.4%) followed by carbohydrate transport and metabolism (6.4%), and amino acid transport and metabolism (6.4%). The 16S rRNA amplicon sequencing showed that the Alicyclobacillus isolates of this study showed 96.4% to 97.4% identity against A. acidocaldarius. Average nucleotide identity values were, however, highest against A. sendaiensis NBRC 100866. The genomic features confirmed by the whole genome sequencing were 3.2–3.7 Mbp, 61.8%–62.1% of G + C contents, and 3,121–3,598 protein-coding genes similar to the reference genome. Otherwise, the COG functional categories of the genome were different from the reference that the highest number was shown in the amino acid metabolism and transport (ca. 9%) except for the genes of unknown function.

Despite the AL01A and AL05G genome including many genes related to amino acid metabolism and transport, the C source utilization test showed a negative reaction, i.e., no growth on amino acids including L-serine, L-pyroglutamic, L-glutamic acid, L-aspartic acid, L-arginine, L-alanine, and glycyl-L-proline. It is possible that these genes are not expressed under these specific growth conditions. Nevertheless, the growth of Alicyclobacillus is reliant on NH4 as a source of nitrogen. The results of nutrient utilization tests demonstrated that both isolates also utilized histidine and serine as N and C sources for growth. Otherwise, most of the C source tested can be used by the two Alicyclobacillus isolates. HPLC data showed that the isolates could produce lactate, acetate, and succinate by metabolizing glucose (Figure 6) consistent with the presence of these genes and pathways in the genome of the isolates. To test the activity of each gene during the metabolism, however, transcriptional studies will be required according to the nutrient conditions in a further study.

The unique characteristic of Alicyclobacillus species is the presence of ω-alicyclic fatty acids as the main lipids in the membrane where they contribute to the heat resistance and thermoacidophilic behavior of Alicyclobacillus species (Chang and Kang, 2004). Kannenberg et al. (1984) demonstrated that lipids containing ω-cyclohexane fatty acid packed densely which results in low diffusion at high temperatures. The presence of ω-cyclohexyl fatty acids in the cell membrane results in a decrease in the temperature dependence of membrane permeability and a less notable phase transition, which means they stabilize the membrane structure and maintain the resistance against acid and heat stress. The fatty acids also provide protection with the formation of strong hydrophobic bonds which could reduce membrane permeability in extremely acidic and high-temperature condition.

Endospores of Alicyclobacillus are also sufficiently heat resistant to enable them to survive in extremely hot and acidic environments. To address endospore formation and its properties, cell cultures at 1 day and 14 days were also observed and showed oval or round-shaped spores in the 14 days culture instead of the long rod-shaped cells seen in the 1 day culture (Supplementary Figure S1). Heat treatment also revealed that the 14 days culture contained 2 to 4 log CFU/mL of heat-resistant endospores, explaining how these strains can thrive in harsh environments. We complemented microscopic evaluation with a genomic analysis of genes in the spore formation pathway and found 50 and 58 sporulation-associated genes in the AL01A and AL05G genome assembly (Supplementary Tables S4 and S5). The identified genes were connected to various aspects such as stage II to V sporulation proteins, RNA polymerase sporulation-specific sigma factor, response regulators within the two-component system, and more.

Antibiotic resistance genes could encode for efflux pumps able to confer resistance against antibiotics and heavy metal toxicity (Aulitto et al., 2021). From the genome information of AL01A and AL05G, the small multidrug resistance antibiotic efflux pump, vanT, and glycopeptide resistance gene clusters were detected. The loose hits of the genome sequence also showed a numbers of ABC antibiotic efflux pump, MFS antibiotic efflux pump, and RND antibiotic efflux pump-related genes. The presence of these genes could enable them to cope with heavy metal toxicity since the solubility of heavy metals increases under acidic pH conditions (Knapp et al., 2017; Aulitto et al., 2021). Both AL01A and AL05G genomes also have antibiotic-resistant fusA genes conferring resistance to fusidic acid which is effective primarily on bacteria with a Gram-positive type of cell wall. Indeed, the chemical sensitivity test showed that both Alicyclobacillus isolates were resistant to fusidic acid.

As AL01A and AL05G were isolated during the study to isolate methanotrophs, central carbohydrate metabolism-related genes were also checked based on the genome information. Most genes related to the intermediary carbon metabolism in the Alicyclobacillus isolates exist in the Methylacidiphilum genome except the genes encoding phosphoserine aminotransferase (serC) and phosphosulfolactate synthase (comA). Phosphoserine aminotransferase catalyzes the following chemical reaction:

1. O-phospho-L-serine + 2-oxoglutarate ↔ 3-phosphonooxypyruvate + L-glutamate.

2. 4-phosphonooxy-L-threonine + 2-oxoglutarate ↔ (3R)-3-hydroxy-2-oxo-4-phosphono oxybutanoate + L-glutamate.

which are related to serine and threonine metabolism. Phosphosulfolatate synthase catalyzed the reaction phosphoenolpyruvate + sulfite → (2R)-2-O-phospho-3-sulfolactate. Though AL01A and AL05G genomes do not have genes encoding methanol dehydrogenase (methanol → formaldehyde +2 electrons +2 H+), both strains could grow with methanol up to 1.25 mM. Only the AL01A genome also has the gene encoding glycerone kinase (DAK, dihydroxyacetone kinase) catalyzing the glycerone that comes from formaldehyde: ATP + glycerone → ADP + glycerone phosphate. This enzyme transfers phosphorus-containing groups with an alcohol group as an acceptor (Sellinger and Miller, 1957).

While most of the intermediary carbon metabolism-related genes present in the Alicyclobacillus isolates also exist in the Methylacidiphilum genome, the two organisms utilize different central carbon metabolism pathways. Unlike Alicyclobacillus that utilizes glycolysis as one of its central carbon metabolism pathways, Methylacidiphilum uses the CBB cycle for producing biomass. Furthermore, we confirmed that Alicyclobacillus could grow with methanol and formate, which aligns with the metabolic characteristics of Methylacidiphilum (Supplementary Figure S2). These differences in metabolic pathways and growth patterns reflect the unique metabolic adaptations of each organism.

The AL01A and AL05G genomes do not have a nitrate reduction system similar to the other Alicyclobacillus strains (Goto et al., 2002). However, it seems that the new isolates could play an important role in sulfur metabolism as both strains have cysP encoding sulfate/thiosulfate transport system substrate-binding protein that is responsible for the uptake of extracellular sulfate into the cell (Aguilar-Barajas et al., 2011). The Alicyclobacillus isolates then convert sulfate to sulfide through the assimilatory sulfate reduction pathway. Through sulfur metabolism, the bacteria could synthesize organic sulfur compound such as sulfur amino acids and other metabolites, but excess sulfide could also be excreted. Unlike the reference A. acidocaldarius genome, however, our genome does not have the genes encoding the sulfonate transport system substrate-binding protein.

Thermoacidophilic bacteria such as Alicyclobacillus and Methylacidiphilum are adapted to survive in extreme environments with high temperatures and low pH conditions. Therefore, they require specific metabolic pathways to obtain essential nutreints including vitamins (Merino et al., 2019). Hotsprings are an oligotrophic habitat where nutrients are limited and bacteria are exposed to high levels of environmental stress, which can lead to vitamin depletion. Additionally, according to the “Black Queen” hypothesis that proposes that when community members can access essential nutrients and growth factors from their surroundings, they gradually lose their capability to perform functions producing these compounds like vitamins (Culp and Goodman, 2023). These vitamin auxotrophs could arise to reduce the metabolic burden required to produce essential metabolites that have long biosynthetic pathways. Therefore, it is important to understand vitamin auxotrophy between species and strains to identify their interactions. In a previous study, Eloe-Fadrosh et al. (2016) also documented the potential vitamin exchange occurring in microbial communities in hot springs. Here, vitamin metabolism in Alicyclobacillus and Methylacidiphilum showed that there is a potential syntrophic growth relationship between these two bacterial strains based on vitamin crossfeeding. Genomic analysis shows that they employ different strategies to produce vitamins, where they could potentially complement each other’s deficiencies, thereby resulting in a mutually beneficial growth relationship. Nonetheless, in future studies, it remains crucial to further validate vitamin auxotrophies using viable strains.

Thiamin (vitamin B1) is an essential cofactor for all organisms. In thiamin biosynthesis, Alicyclobacillus utilizes cysteine and glycine, while Methylacidiphilum employs tyrosine in the metabolic pathways. This is similar with Bacillus subtilis that utilizes glycine instead of tyrosine to form dehydroglycine unlike E. coli (Du et al., 2011). In addition, only Alicyclobacillus possess the gene encoding thiamin phosphate phosphatase (engC) that is responsible for thiamin production, which suggests that Methylacidiphilum may rely on Alicyclobacillus for its thiamin needs. The thiamin produced can be transformed into 5-2(-Hydroxyethyl)-4-methylthiazole and 5-2(-Hydroxyethyl)-4-methylthiazole phosphate through the genes in Alicyclobacillus genome (tenA and thiM). It forms thiamin monophosphate mediated by thiamin phosphate synthase (ThiE) and thiamin phosphate kinase (ThiL) then catalyze a phosphorylation step to yield thiamin diphosphate which is an active form of thiamine (Du et al., 2011). Similarly, while both strains have the genes for producing nicotinate (pncB), only Alicyclobacillus genomes have the genes responsible for mediating intermediate production (punA, ushA, and SIR2) for nicotinate (vitamin B3) metabolism. This suggests that Methylacidiphilum may depend on Alicyclobacillus for its nicotinate needs, nicotinate is then converted into NAD+ through nicotinate phosphoribosyltransferase and NAD synthetase. The produced NAD+ acts as a cofactor for enzymes involved in cellular energy metabolism and various cellular functions including metabolic pathways, DNA repair, cellular senescence, and immune function (Amjad et al., 2021; Covarrubias et al., 2021).

Understanding of biotin (vitamin B7) biosynthesis is still limited; however, there are two stages proposed by the previous studies: synthesis of a pimelate moiety and the assembly of the bicyclic rings of the biotin molecule (Cronan, 2018; Manandhar and Cronan, 2018). The latter is mostly conserved with four associated genes including bioF, bioA, bioD, and bioB (Galisteo Gómez et al., 2023). Interestingly, both Alicyclobacillus and Methylacidiphilum possess most of the bio genes involved in biotin production. However, only Alicyclobacillus has the bioF gene, which connects the pathway for pimeloyl-[acp] or pimeloyl-CoA to 8-amino-7-oxononanoate, which is essential for biotin production. Regarding vitamin K metabolism, the two Alicyclobacillus strains utilize different pathways for menaquinone production in contrast to Methylacidiphilum. This implies that Alicyclobacillus and Methylacidiphilum may not rely on each other for this vitamin. Despite the complementary relationship in vitamin metabolisms, further research is required to fully understand the nature of their vitamin auxotrophy.

In summary, we identified and characterized two strains of thermoacidophilic bacteria, Alicyclobacillus AL01A and AL05G, from a geothermal environment in Yellowstone National Park. The isolates can grow at low pH and high temperature (optimally at pH 3.5 and 55°C). The presence of ω-alicyclic fatty acids in the membrane (around 60% of the membrane lipids) and sporulation ability contribute to the high thermal resistance of the bacteria. Genome mining performed to target genes involved in antibiotic resistance revealed many multidrug efflux systems, which suggests its ability to tolerate antibiotic and heavy metal toxicity. When comparing with Methylacidiphilum sp. YNP IV (GenBank GCA_021323575.1), Alicyclobacillus utilize glycolysis as one of its central carbon metabolism pathways, while Methylacidiphilum uses the CBB cylcle for producing biomass. AL01A and AL05G genomes also contain the genes that are lacking in the methanotroph genome in the intermediary carbon metabolism. While Alicyclobacillus isolates have no genes for nitrite reduction, they could transport extracellular sulfate and metabolize it. In vitamin metabolism, Alicyclobacillus and the Verrucomicrobial methanotroph have incomplete pathways, leading to a potentially beneficial relationship, especially in the metabolism of vitamin B1, B3, and B7. Taken together, these genotypic and phenotypical characteristics provide insights into the potential symbiotic role of the new Alicyclobacillus isolates with other bacteria in the geothermal environment.
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Despite its growing importance as a Cu resource, studies on tennantite bioleaching are highly limited. One of the key challenges in processing such Cu-As sulfides is their refractoriness and the solubilisation of toxic As. The ultimate goal is to achieve selective bioleaching of Cu with simultaneous immobilisation of As in the leach residues. This study investigated the effectiveness of activated carbon (AC)-assisted bioleaching of tennantite concentrate using a mixed culture containing various “strong” and “weak” Fe-oxidising bacteria/archaea plus a S-oxidising bacterium, with particular emphasis on controlling the solution redox potential (Eh). In the initial flask bioleaching tests, a steady increase in Eh (up to 840 mV) was observed, reflecting the activity of “strong” Fe-oxidisers. In this situation, AC dosing effectively suppressed the Eh value and the highest Cu dissolution (70%) was obtained in the AC-0.01% system, while simultaneously immobilising As. In order to maximise Cu dissolution and As immobilisation, it was found preferable to target the Eh range of 650–700 mV during bioleaching. The next bioreactor tests used the mixed culture of the same origin, but had been subcultured a few generations further on tennantite concentrate. The Eh level remained unexpectedly low (~630 mV) for most of the leaching period, regardless of the AC dosage. It was later found that the bioreactor systems were almost exclusively dominated by Sb. thermosulfidooxidans, a “weak” Fe oxidiser with high Cu/As tolerance. In this case, there was no need to artificially suppress the Eh level by AC dosing and Cu leached readily to a final Cu dissolution of ~60% while As dissolution was suppressed to ~15%. Thus, depending on the microbial community that develops at the processing site, Eh control can be achieved either naturally by the activity of “weak” Fe-oxidisers as the predominant survivors under high Cu/As stress, or artificially by the addition of an Eh regulator such as a carbon catalyst.
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1 Introduction

Copper is a key element in a wide range of industries, including automotive, electronics, alloys, and renewable energy. Although its consumption is growing significantly, especially in emerging markets, its supply faces challenges due to depleting reserves and declining grades. Copper-arsenic sulfide minerals such as enargite (Cu3AsS4) and tennantite (Cu12As4S13) are often found in association with other sulfide minerals in Cu deposits and can contribute to the overall Cu recovery (Filippou et al., 2007; Acevedo and Gentina, 2013). However, the presence of As can present challenges in metallurgical processes. Pyrometallurgy is not the most economically viable process for such As-bearing minerals, due to its intensive energy requirements and environmental measures to control and mitigate As emissions. Environmental regulations for As and other potentially hazardous elements are becoming increasingly stringent and compliance can add significant cost and complexity to pyrometallurgical processing (Long et al., 2012). On the other hand, hydrometallurgical processes are often preferred for As-bearing ores as they are generally less energy intensive and can leach and recover valuable metals while avoiding the release of As vapour, thus addressing the environmental and health concerns.

During the flotation process, As-rich concentrates can be produced as a waste if the ore being processed contains significant amounts of As-bearing minerals, while the other, cleaner Cu-rich concentrates are sent to the smelting circuit. To recover the residual Cu value from such flotation wastes, bioleaching, can be considered as one of the most promising technologies from an environmental and economic point of view (Stanković et al., 2015; Okibe et al., 2022). The conditions favoured by the hydrometallurgical reaction of Cu sulfides have been extensively studied, with more emphasis on chalcopyrite than on enargite. This discrepancy in research intensity is mainly due to the prevalence of chalcopyrite in Cu deposits. Research on the hydrometallurgy of enargite has been somewhat limited compared to chalcopyrite due to its lower abundance and the unique issues associated with its As content. Studies on tennantite are even more limited, due to its lower abundance and mineralogical complexity. Despite the lower occurrence of these As-bearing minerals (compared to chalcopyrite), it is essential to research and develop hydrometallurgical techniques for processing such minerals, particularly as ore grades decline and industry seeks to maximise the recovery of valuable metals while minimising environmental impact. The development of efficient and environmentally friendly methods for processing complex minerals such as tennantite remains an area of interest and importance in the field of hydrometallurgy.

In the case of chalcopyrite, it is widely recognised that the solution redox potential (Eh) values play a central role in determining the efficiency of Cu leaching. Different Eh ranges correspond to different states of chalcopyrite reactivity. Viramontes-Gamboa et al. (2007, 2010) suggested that chalcopyrite leaching with ferric sulfate is in its active state at <685 mV (SHE), which shifts to a bistable state at 685–755 mV, and then to a passive state at >755 mV with a strong passivation effect, resulting in reduced leaching efficiency. Hiroyoshi et al. (2008a,b) proposed a mechanism of chalcopyrite dissolution controlled by Eh values: At low Eh, chalcopyrite leaching is enhanced by Fe2+ and Cu2+, leading to the formation of intermediate chalcocite (Cu2S), which is then oxidised to yield Cu2+. This theory was also applicable to the bioleaching situation. Our previous studies have shown that chalcopyrite bioleaching can be maximised by using “weak” Fe-oxidisers, which naturally microbiologically control the Eh levels during the bioleaching reaction (Masaki et al., 2018). Where Eh naturally increases in the system due to the presence of “strong” Fe-oxidisers, the carbon catalyst can effectively suppress and control the Eh level in the bioleach liquors because the carbon catalyst surface acts as an electron mediator to couple the reduction of Fe3+ (Uchida et al., 2000) and the oxidation of reduced inorganic sulfur compounds (RISCs). The Eh level was thus controlled by counterbalancing microbial Fe2+ oxidation (Oyama et al., 2020, 2021;). The effect of activated carbon has also been reported in the bioleaching of low-grade primary Cu sulfide ores (Zhang and Gu, 2007).

In contrast to chalcopyrite, the dissolution of the mineral enargite is favoured under highly oxidising conditions (high Eh) (Lattanzi et al., 2008). Similarly, the dissolution of pyrite (FeS2) is also favoured under high Eh conditions. Therefore, one of the challenges in processing enargite-rich ores is that the dissolution of enargite at high Eh can be hindered by the presence of pyrite. This is due to the passivation of the enargite surface by Fe(III)-bearing minerals formed during the dissolution of pyrite. Our previous studies have shown that as a compromise to mitigate this competition effect, suppressing the Eh value to around <700 mV is preferable to maintain a more stable and prolonged Cu dissolution from enargite while minimising the passivation effect of Fe(III)-bearing minerals, allowing better control of the leaching process and Cu recovery (Oyama et al., 2018, 2020, 2021; Okibe et al., 2022). Accordingly, the need for Eh control is different for chalcopyrite and enargite. In the case of bioleaching enargite/chalcopyrite-bearing complex concentrates, the optimum Eh for maximum Cu dissolution increased with higher enargite/chalcopyrite ratios in the concentrate (Oyama et al., 2021).

One of the key challenges in the processing of enargite is the solubilisation of toxic As during leaching, and the ideal goal is to achieve selective bioleaching of Cu while simultaneously immobilising As in the leach residues. Some of the dissolved As(III) can be oxidised and subsequently immobilised during bioleaching (Escobar et al., 2000; Takatsugi et al., 2011; Tanaka et al., 2015). Bioleaching at elevated temperatures (typically in the range of 60–70°C) has several advantages, including more efficient oxidation and dissolution of enargite and precipitation of dissolved As as crystalline scorodite (Takatsugi et al., 2011; Okibe et al., 2014, 2017, 2020; Tanaka and Okibe, 2018). However, bioleaching at less energy-intensive, moderately thermophilic temperatures (e.g., 45°C) can also promote Cu dissolution and As immobilisation by controlling the Eh level during bioleaching reactions (Oyama et al., 2020; Okibe et al., 2022).

Our separate studies of biogenic scorodite formation have shown that amorphous precursors consisting of ferric arsenate (FeAsO4·nH2O) and basic ferric sulfate (MFex(SO4)y(OH)z) are formed in the initial stage. Subsequently, these precursors are transformed into crystalline scorodite by the dissolution-recrystallization process, in which AsO43− ions compete and exchange with SO42− ions to precipitate with Fe3+ (Tanaka et al., 2018). A similar ferric arsenate precipitation mechanism was also likely to occur in the actual enargite bioleaching situation. This is because the loss of Eh control (leading to higher Eh) resulted in sudden pyrite dissolution, providing SO42− ions that compete with AsO43− and triggering the re-solubilisation of ferric arsenate precipitates (Oyama et al., 2021).

The similarities in the mineralogy of tennantite and enargite can present similar challenges. Tennantite is commonly found in hydrothermal sulfide deposits in various locations around the world (Zhou et al., 2023). In some ore deposits, tennantite can coexist with enargite, and its presence can influence the overall mineralogy of the deposit. However, the relative abundance of enargite is often much higher than that of tennantite, and therefore only limited studies are available on tennantite.

Therefore, this study investigated the effectiveness of carbon-assisted bioleaching (flask and bioreactor tests) on tennantite concentrate with the concept of Eh control with the dual objectives of (i) promoting steady Cu dissolution from tennantite while preventing the rapid dissolution of coexisting minerals such as pyrite, and (ii) minimising As solubilisation by stabilising ferric arsenate precipitates formed in the bioleach liquor.



2 Materials and methods


2.1 Minerals

A tennantite concentrate (D50 = 41 μm) consisting of 60% tennantite (Cu12As4S13), 23% pyrite (FeS2), 8.2% sphalerite (ZnS), 6.3% gangue, with minor amounts of chalcopyrite (CuFeS2) and galena (PbS) was used in this study (Figure 1). The elemental composition of the concentrate was as follows: S 31%, Cu 23%, Fe 12%, Zn 10%, Sb 7.8%, As 6.2%. The concentrate was used without washing or sterilisation.
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FIGURE 1
 Mineral composition (wt %) of the tennantite concentrate used in this study, based on the scanning electron microscope (SEM)-based mineral liberation analysis (MLA).




2.2 Microorganisms

A mixed culture of six moderately thermophilic, acidophilic microorganisms was pre-grown on 5% tennantite, before being used as an inoculum for the flask bioleaching tests (as described in 2.3). The six acidophiles originally inoculated were: Fe-oxidising bacterium Acidimicrobium (Am.) ferrooxidans ICP (DSM 10331T), Fe-oxidising archaeon Acidiplasma sp. Fv-Ap, S-oxidising bacterium Acidithiobacillus (At.) caldus KU (DSM 8584T), and Fe/S-oxidising bacteria Sulfobacillus (Sb.) sibiricus N1 (DSM 17363T), Sb. thermotolerans Kr1 (DSM 17362T) and Sb. thermosulfidooxidans AT-1 (DSM 9293T). Subcultures were maintained aerobically at 45°C, shaken at 150 rpm in acidophile basal salts (ABS) medium (0.5 g/L MgSO4⋅7H2O, 0.45 g/L (NH4)2SO4, 0.15 g/L Na2SO4⋅10H2O, 0.05 g/L KCl, 0.05 g/L KH2PO4, 0.014 g/L Ca(NO3)2⋅4H2O; pHini 1.5 with H2SO4) containing 0.02% (w/v) yeast extract and 10 mM Fe2+. In our previous studies, the mixed culture of Am. ferrooxidans ICP, At. caldus KU and Sb. sibiricus N1 was shown to be effective for the bioleaching of As-containing minerals, thus included in this study (Tanaka et al., 2015; Okibe et al., 2022).



2.3 Bioleaching of tennantite concentrates (flask tests)

First, bioleaching tests were performed in Erlenmeyer flasks (500 mL) containing 200 mL ABS medium (pHini 1.5 with H2SO4) with 0.02% yeast extract, 5 mM Fe2+ and 5% (w/v) tennantite concentrate. Pre-grown mixed culture (section 2.2) was inoculated at 10% (v/v). Activated carbon (AC; CAS RN 7440-44-0, Wako; mean particle size 46.5 μm; specific surface area 1,400 m2/g) was added as catalyst to control the Eh value at different concentrations (0, 0.01, 0.025, 0.05% (w/v)). Flasks were incubated at 45°C, shaken at 150 rpm for 50 days. Liquid samples were taken periodically to monitor pH and Eh (vs. SHE). Liquid samples were filtered (0.45 μm) prior to the ICP-OES analysis (for total soluble concentrations of Fe, Cu, As, Zn and Sb) (Optima 8,300, Perkin Elmer; Rodgau, Germany). All tests were performed in duplicate flasks.



2.4 Bioleaching of tennantite concentrates (bioreactor tests)

Bioleaching tests were then performed in pH-controlled bioreactors (Bioneer-Neo 2.0 L, Marubishi Bioengineering; Tokyo, Japan) containing 1.2 L of ABS medium with 0.02% yeast extract and 5% tennantite concentrate. The pre-grown mixed culture from the flask bioleaching test (section 2.2) was inoculated at 10% (v/v). Two bioreactor systems (AC-free or AC 0.01%) were operated in parallel at 45°C, stirred at 150 rpm for 100 days. The pH was maintained at 2.0 from day 0 to day 37 and at 1.5 from day 38, by automatic addition of 0.5 M H2SO4. On day 53, 20 mM Fe2+ was added to the AC-free system and 10 mM Fe2+ was added to the AC-0.01% system. Liquid samples were taken periodically to monitor pH, Eh (vs. SHE), cell density (direct cell counting using a Thoma chamber) and concentrations of Fe2+, total Fe, total Cu, total As, total Zn and total Sb as described in section 2.3.



2.5 Solid and microbial community structure analyses

Bioleach residues were periodically collected from the bioreactors (on days 0, 40, 80 and 100) and freeze-dried overnight for X-ray diffraction (XRD; Rigaku; Ultima IV; CuKα 40 mA, 40 kV) analysis and scanning electron microscopy (AEM; VE-9800, KEYENCE) observation. The microbial community structure was analysed by extracting genomic DNA from bioleach residues (after the flask or bioreactor tests) (ISOIL for beads Beating; Nippon Gene; Toyama, Japan), subjected to 16S rDNA amplicon sequence analysis (V3-V4 region; MiSeq, Illumina) and compared with databases using Metagenome@KIN (TechnoSuruga Laboratory Co. Ltd.; Shizuoka, Japan).



2.6 As(III) tolerance test for Sb. Thermosulfidooxidans

Sb. thermosulfidooxidans was inoculated (at 1.0 × 107 cells/ml) into 100 mL of ABS medium (pH 1.5) containing 0.02% yeast extract and different concentrations of As(III) (as NaAsO2; 0, 2.6, 6.5, 13 or 26 mM) in 300 mL flasks. The flasks were incubated shaken at 100 rpm, 45°C. Samples were taken periodically to monitor cell density (using a bacterial counting chamber). Experiments were conducted in duplicate flasks.




3 Results and discussion


3.1 Bioleaching of tennantite concentrates (flask tests)

The dissolution profile of metals (Cu, As, Fe and Zn) and the changes in Eh and pH during the bioleaching tests are shown in Figures 2A–F.
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FIGURE 2
 Bioleaching of tennantite concentrate in flask batch tests at 5% pulp density at 45°C. Activated carbon (AC) was added at 0 (), 0.01 (●), 0.025 (▲) or 0.05% (■) to control the Eh level. Changes in the total soluble Cu (A), As (B), Fe (C), Zn (D), Eh vs. SHE (E) or pH (F) are shown.


In the AC-free system, Eh increased rapidly to 840 mV, reflecting the high Fe-oxidising bacterial activity, and then gradually stabilised at around 780 mV (Figure 2E). pH remained stable at around 1.5 (Figure 2F). The Fe dissolution corresponded to the high Eh values in the AC-free system (Figure 2C), while Cu dissolution was the slowest of all (final Cu dissolution 45%; Figure 2A).

Compared to the AC-free system, higher AC doses (0.01, 0.025 and 0.05%) increasingly suppressed the Eh value (Figure 2E), which significantly corresponded to the Fe dissolution profile: Fe was almost completely immobilised at the time when Eh decreased to ~600 mV due to the Fe3+-reducing effect of AC (Figure 2C). An increase in pH due to the addition of AC may also have partially influenced the immobilisation of Fe (Figure 2F). The highest Cu dissolution (70%) was obtained in the AC-0.01% system (Figure 2A). Further increases in AC dose resulted in increasingly faster Cu dissolution in the initial phase (up to day 14), but immediately followed by a plateau which ultimately reduced the final Cu dissolution to 52 and 38% in the AC-0.025% and AC-0.05% systems, respectively (Figure 2A). Zn dissolution followed a similar trend to that of Cu, but its total percentage dissolution (Figure 2D) was generally higher than that of Cu (Figure 2A) and less influenced by Eh (Figure 2E), indicating that Zn was leached from both the sphalerite and tennantite minerals (Figure 1). The trend of As dissolution followed that of Fe (Figures 2B,C): The highest As solubilised was only 13% in the AC-free system on day 50, whereas the AC dosing effectively facilitated As immobilisation corresponding to the drop in Eh towards the end of the bioleaching period, presumably via ferric-arsenic precipitation. The concentration of total soluble Sb derived from tennantite was low throughout the bioleaching period, with final dissolution of ~0.6% (AC-free system) and ~ 0.4% (all AC systems) (data not shown).

The dissolution rates of Cu, Fe and As (calculated from data from Figure 2) are shown in Figures 3A–C, respectively. The dissolution rate of Cu peaked at around 710–720 mV (Figure 3A), as did that of As (Figure 3C) from the tennantite mineral. The dissolution rate of Fe peaked at a higher Eh range of around 750–800 mV, reflecting the progression of pyrite leaching (Figure 3B). In order to prevent As dissolution (via As immobilisation in the form of ferric arsenate), it was found preferable to set the Eh range around 650 mV (Figures 3B,C). It was therefore suggested that maximising Cu dissolution while minimising As dissolution could be achieved by controlling the level of Eh during the bioleaching reaction.
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FIGURE 3
 Dissolution rates of Cu (A), Fe (B) and As (C) during the bioleaching of tennantite concentrate (calculated from data in Figure 2). Activated carbon (AC) was added at 0% (), 0.01% (●), 0.025% (▲) or 0.05% (■) to control Eh.




3.2 Bioleaching of tennantite concentrates (pH-controlled bioreactor tests)

The dissolution profile of metals (Cu, As, Fe and Zn) and the changes in Eh and pH during the pH-controlled bioleaching tests are shown in Figures 4A–F. The highest Cu dissolution was obtained in the AC-0.01% system in the flask bioleaching tests. Therefore, this time either the AC-free or AC-0.01% system was compared.
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FIGURE 4
 Bioleaching of tennantite concentrate in a pH-controlled bioreactor at 5% pulp density at 45°C with or without activated carbon (AC). Changes in total Cu concentration (A), total As concentration (B), total Fe concentration, (D) total Zn concentration, (E) Eh vs. SHE and (F) cell density in the AC-free system () or AC-0.01% system (●) are shown. pH was controlled at 2.0 until day 37 and then switched to 1.5 on day 38. On day 53, either 20 mM or 10 mM of Fe2+ was added to the AC-free or AC-0.01% system, respectively (as indicated by a green arrow in panel C).


Days 0–37: The initial rapid dissolution of Fe (days 0–10; Figure 4C) led to a temporal increase in Eh in both systems, although to a different extent (AC-free system ~740 mV, AC-0.01% system ~670 mV; Figure 4E). This difference was caused by the Fe3+-reducing (i.e., Eh-suppressing) effect of AC, as was also shown in the flask bioleaching tests (Figure 2). However, the degree of this initial Eh increase in the AC-free system this time (Figure 4E) was much smaller than that observed in the flask test (~840 mV; Figure 2F). Apart from this temporal jump in Eh, Eh generally remained low regardless of the addition of AC, gradually decreasing from 630 mV to 610 mV (Figure 4E). Since Eh was already low even in the AC-free system, the further Eh-suppressing effect of AC was no longer evident (Figure 4E). This low Eh trend was unexpected observation as active microbial cell growth was seen in both systems (Figure 4F). During days 0–37, Cu leaching progressed in both systems, although slightly more extensively in the AC-free system (Figure 4A); this difference is thought to be a remnant of a very rapid Cu dissolution that occurred around day 4 in the AC-free system, corresponding to the temporal transition of Eh to an optimal range of ~700 mV at this time (Figure 4E). After the initial jump in Fe concentration, Fe dissolution was largely suppressed during this period (Figure 4C).

Days 38–52: Since Cu leaching began to plateau slightly towards day 37, especially in the AC-free system (presumably due to the lack of oxidant Fe3+; Figures 4A,C), pH was reset to 1.5 on day 38 with the intention of stimulating Fe dissolution/microbial Fe2+ oxidation to provide more oxidant. This stimulated Fe dissolution (Figure 4C), but apparently did not result in much activation of microbial Fe2+ oxidation, as the increase in Eh was small (from 610 mV to 630 mV; Figure 4E). However, Cu leaching was appeared to be stimulated during this period (Figure 4A). Although the level of Eh was low and similar in both systems, a slight suppressive effect of AC on Eh was observed in the AC-0.01% system during this period (Figure 4E).

Days 53–100: As described above, the effect of AC addition was not significant in the bioreactor test because the level of microbial Fe2+-oxidising activity was apparently much lower than that in the flask test (Figure 2). As a result, the two systems (AC-free and AC-0.01%) were almost synchronised in all parameters by day 52 (Figure 4). In a further attempt to induce microbial Fe2+ oxidation (and thus increase Eh), additional Fe2+ was added on day 53 (20 mM to the AC-free system and 10 mM to the AC-0.01% system; Figure 4C). However, Eh was almost unchanged in the AC-free system and continued to decrease slowly in the AC-0.01% system due to the Eh suppressive effect of AC (Figure 4E). The results so far confirmed that the cause of the generally low Eh level (independent of AC) observed in the bioreactor test was not due to the lack of dissolved Fe or cell growth, but due to the lack of strong microbial Fe2+-oxidising activity.

Overall, in this bioreactor test, the Eh level did not increase as it was originally expected and remained mostly at around 610–630 mV at all times in the AC-free system (Figure 4E). Therefore, unlike in the flask test where Eh naturally exceeded 800 mV (Figure 2E), there was no need to artificially suppress the Eh level by adding AC. The addition of AC in the bioreactor test showed some further suppression of Eh (particularly in the early and late phases; Figure 4E). According to the cell density profile (Figure 4F), although the cells grew well in both systems, the overall Fe2+-oxidising activity became weak for unknown reasons. As the Eh profile happened to be very similar with or without AC, the dissolution profiles of the metals were also similar: Cu leached readily to a final Cu dissolution of ~60% in both systems (Figure 4A). Fe dissolution was limited to ~20% (in the AC-free system) and ~ 11% (in the AC-0.01% system) even after the addition of Fe2+ on day 53 (Figure 4C). Although As originates from the mineral tennantite, its dissolution was largely suppressed compared to that of Cu. Especially after the addition of Fe2+ on day 53, the immobilisation of As was further facilitated, presumably as Fe3+-AsV
 precipitates. Finally, only about 15% of As dissolution was found in both systems (Figure 4B). Indeed, SEM observation revealed the formation of small particles of secondary precipitates trapped between the remaining tennantite and pyrite particles (Figure 5). Elemental analysis showed that the aggregated secondary mineral particles were composed of As, Fe, O, S and Sb (Figure 5). This elemental composition suggests the possible formation of ferric arsenate (FeAsO4·(2 + n)H2O) mixed with basic ferric sulfate (MFex(SO4)y(OH)z), as reported in our previous study (Tanaka et al., 2018). Zinc originated from the minerals tennantite and spharelite and its dissolution profile was mostly similar to that of Cu (Figure 4D).
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FIGURE 5
 Secondary electron (SE) image and EDS analysis (Aztec Ins. X-act; 15 kV, 5 nA, point analysis mode) of the bioleached residue from the AC-0.01% bioreactor system. Point 1: tennantite mineral, Point 2: pyrite mineral, Point 3, ferric arsenate precipitate.


Based on the correlation of the metal dissolution rate and Eh, the Eh range shown in this bioreactor test (Figure 4E) was mostly suboptimal in terms of the Cu dissolution rate (Figure 3A), but optimal for Fe immobilisation with As (Figures 3B,C). Our previous study (Oyama et al., 2018, 2020) showed that suppressing Fe dissolution from pyrite is advantageous to support steady and continuous leaching of Cu from the enargite concentrate (by avoiding mineral passivation by Fe minerals). This was also the case in this study as Cu leaching continued well towards the end as shown in Figure 4A.

The XRD results identified the peaks of tennantite, pyrite and sphalerite in the original tennantite concentrate, of which the tennantite peaks decreased significantly as the bioleaching progressed in both the AC-free and AC-0.01% systems (Figures 6A,B, respectively). Relative to tennantite, pyrite peaks tended to persist throughout the bioleaching reaction, probably due to the low Eh conditions created during the bioreactor tests, which facilitated tennantite leaching while preventing the pyrite dissolution (Oyama et al., 2018, 2020; Okibe et al., 2022).
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FIGURE 6
 Changes in the X-ray diffraction pattern of tennantite concentrate in the AC-free (A) or AC-0.01% (B) bioreactor system on days 0, 40, 80 and 100. T: tennantite (Cu12As4S13; PDF No. 01–074-1027). S: sphalerite [(Zn, Fe)S; PDF No. 00–001-079], P: pyrite (FeS2; PDF No. 00–042-1340), Q: quartz (PDF No. 00–033-1161).


The mixed culture originally prepared for the first flask bioleaching test consisted of equal cell densities of six strains, including both “strong” (Am. ferrooxidans; Acidiplasma sp. Fv-Ap) and “weak” (Sb. sibiricus; Sb. thermotolerans; Sb. thermosulfidooxidans) Fe oxidisers together with S-oxidising At. caldus (Masaki et al., 2018). The next bioreactor tests were inoculated with the mixed culture that had undergone the flask tests. Due to the unexpectedly low Eh value observed throughout the bioreactor tests, microbial community analysis was performed on the final bioleach residue from both the flask and the bioreactor to see the transition of the microbial flora. Surprisingly, the bioleach residue from the flask was 99.9% dominated by Sb. thermosulfidooxidans. Consequently, the bioleach residue from the bioreactor was also dominated by this bacterium.

According to Table 1, Sulfobacillus spp. especially Sb. thermosulfidooxidans and Sb. sibiricus are highly resistant to Cu. In the flask bioleaching test in this study, Cu concentrations exceeded >100 mM (~6 g/L; Figure 2A) during bioleaching of 5% tenantite concentrate, which may have contributed to the convergence of the original microbial community to these Sulfobacillus spp. The total As concentration increased transiently up to 7.5 mM (~0.56 g/L) in the flask tests (Figure 2B) and up to 15 mM (~1.1 g/L) in the bioreactor tests (Figure 4B). Although Sb. thermosulfidooxidans and Sb. sibiricus were reported to tolerate up to 50 mM (~3.7 g/L) and 100 mM (~7.5 g/L) of As(V), respectively, the trend was reversed for As(III), with Sb. sibiricus being more sensitive to As(III) (Table 1). Arsenic dissolved from tenantite concentrates should originally be As(III), but is partially oxidised to As(V) by Fe3+ on the surface of sulfide minerals, which have a “semi-conductive” nature (Takatsugi et al., 2011; Tanaka et al., 2015). The fact that Sb. thermosulfidooxidans was relatively highly tolerant to both Cu and As(III) may have contributed to its proliferation as a dominant species in the microbial community.



TABLE 1 Cu and As tolerance of Sulfobacillus spp. compared to Am. ferrooxidans, Acidiplasma spp. and At. caldus.
[image: Table1]

Johnson et al. (2007) reported that the concentrate mineralogy can dictate the microbial consortia and Sb. thermosulfidooxidans was also found to exclusively dominate the bioleaching culture of a chalcopytite concentrate originally inoculated with a total of 12 moderately thermophilic acidophiles. Elkina et al. (2021) studied the bioleaching of a chalcopyrite/tennantite/sphalerite concentrate using a mixed culture of At. caldus MBC-1, Sb. thermosulfidooxidans SH-1 and Acidiplasma sp. MBA-1 at a pulp density of 2% and varying temperatures (40–60°C). The authors reported that Cu leaching improved with increasing temperature and in the presence of yeast extract, while zinc leaching was less dependent on temperature and yeast extract (Elkina et al., 2021): Cu leaching was maximised at 60°C, suggesting that Sb. thermosulfidooxidans plays a dominant and important role in the system. As seen in our study, Eh was microbiologically controlled (presumably by Sb. thermosulfidooxidans) at <700 mV under these conditions (Elkina et al., 2021). Arsenic leaching was also strongly suppressed due to the this low Eh and high temperature suitable for ferric arsenate precipitation. On the other hand, lowering the temperature increased the Eh to >800 mV (presumably by activating more “strong” Fe oxidisers), thereby reducing Cu leaching.

In the industrial bioleaching process of Cu sulfides with high As contents (especially at high pulp densities), it is likely that microbial consortia will naturally converge to leave highly Cu/As tolerant species such as Sulfobacillus spp. as shown in this study. In such cases, natural microbiological Eh control by these “weak” Fe oxidisers can be expected to support continuous Cu leaching as well as As immobilisation, while preventing extensive pyrite dissolution. However, as the industrial bioleaching process is continuously exposed to naturally occurring microbial consortia, it is possible that long-term microbial acclimatisation could lead to the emergence of highly metal-tolerant “strong” Fe oxidisers (thus providing a high Eh environment). If this is the case, the addition of external Eh regulators (such as AC) may help to enable sustainable Cu leaching while suppressing As dissolution, as was demonstrated in this study.




4 Conclusion

In the first flask bioleaching tests of tennantite concentrate, a steady increase in Eh (up to 840 mV) was observed, reflecting the activity of “strong” Fe-oxidisers included in the mixed culture used. In this case, AC dosing was effective in regulating the Eh range suitable for simultaneous Cu dissolution and As immobilisation (final dissolution ~70% Cu and ~ 4% As at AC 0.01%). The optimum Eh range was found to be ~700 mV for Cu dissolution (from tennantite), >750 mV for Fe dissolution (from pyrite), and < 650 mV for As immobilisation. Therefore, in order to maximise Cu dissolution and As immobilisation, it was found preferable to set the Eh range around 650–700 mV during bioleaching. The second bioreactor tests used the mixed culture of the same origin, but had heen subcultured a few generations further on tennantite concentrate. The Eh level remained unexpectedly low (~630 mV) for most of the leaching period, regardless of the AC dosage. It was later found that the bioreactors were almost exclusively dominated by Sb. thermosulfidooxidans (a “weak” Fe oxidiser with high Cu/As tolerance). In this case, there was no need to artificially suppress the Eh level by AC dosing and Cu leached readily to a final Cu dissolution of ~60% while As dissolution was suppressed to ~15%. The highlights of this study suggest that, depending on the microbial community that develops at the processing site, Eh control can be achieved either naturally through the activity of “weak” Fe-oxidisers as the predominant survivors under high Cu/As stress, or artificially by the addition of an Eh regulator such as a carbon catalyst.
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Membrane vesicles (MVs) are envelope-derived extracellular sacs that perform a broad diversity of physiological functions in bacteria. While considerably studied in pathogenic microorganisms, the roles, relevance, and biotechnological potential of MVs from environmental bacteria are less well established. Acidithiobacillaceae family bacteria are active players in the sulfur and iron biogeochemical cycles in extremely acidic environments and drivers of the leaching of mineral ores contributing to acid rock/mine drainage (ARD/AMD) and industrial bioleaching. One key aspect of such a role is the ability of these bacteria to tightly interact with the mineral surfaces and extract electrons and nutrients to support their chemolithotrophic metabolism. Despite recent advances in the characterization of acidithiobacilli biofilms and extracellular matrix (ECM) components, our understanding of its architectural and mechanistic aspects remains scant. Using different microscopy techniques and nano-tracking analysis we show that vesiculation is a common phenomenon in distant members of the Acidithiobacillaceae family, and further explore the role of MVs in multicellular colonization behaviors using ‘Fervidacidithiobacillus caldus’ as a bacterial model. Production of MVs in ‘F. caldus’ occurred in both planktonic cultures and biofilms formed on sulfur surfaces, where MVs appeared individually or in chains resembling tube-shaped membranous structures (TSMSs) important for microbial communication. Liquid chromatography–mass spectrometry data and bioinformatic analysis of the MV-associated proteome revealed that ‘F. caldus’ MVs were enriched in proteins involved in cell–cell and cell–surface processes and largely typified the MVs as outer MVs (OMVs). Finally, microbiological assays showed that amendment of ‘F. caldus’ MVs to cells and/or biofilms affects collective colonizing behaviors relevant to the ecophysiology and applications of these acidophiles, providing grounds for their exploitation in biomining.

Keywords
 outer membrane vesicles (OMVs); Acidithiobacillus
; surface colonization; biofilm; swarming; adhesins; sulfur oxidation; tube-shaped membranous structures (TSMS)


1 Introduction

The bacterial family Acidithiobacillaceae is composed of extremely acidophilic chemolithoautotrophic bacteria, growing optimally at pH values below 3 (Moya-Beltrán et al., 2021). Members of this family obtain energy from the oxidation of reduced inorganic sulfur compounds (RISCs), while some of them can also catalyze the oxidation of ferrous iron or hydrogen. The main products of this chemolithotrophic metabolism are (sulfuric) acid (H+) and ferric iron, which are the principal leaching agents of metal sulfides. Microbial oxidation of metal sulfides has been used for decades by the mining industry as a biotechnological process for metal extraction known as biomining, allowing the recovery of economically relevant elements from low-grade ores (Johnson, 2014). On the other hand, oxidation of metal sulfides promotes the formation of highly contaminating metal-loaded acidic waters that drain from mines (acid mine drainage, AMD) or air-exposed ores (acid rock drainage, ARD) and constitute one of the most serious threats to water resources, being labeled by the United Nations as the second biggest environmental problem after global warming (Tuffnell, 2017).

Besides mining sites (mine heaps, waste rock dumps, abandoned mines, acidic pit lakes, etc.), bacteria belonging to Acidithiobacillaceae family colonize diverse natural environments including geothermal sites, acidic sulfur-springs, acidic rivers in volcanic areas, sulfidic caves, acid sulfate soils, and coastal acid sulfate soils as well as sulfide-rich rock strata in Antarctica (Hedrich and Schippers, 2021). These habitats are shaped by the (bio)chemical reactions occurring at mineral–water interface (Vriens et al., 2020), many of which are microbiologically driven. Two different cell populations are relevant in this context: the planktonic and the substrate-attached cells. Generally, the planktonic state involves individual cells, whereas surface-associated cells could develop multicellular structures through swarming motility and biofilm development (Kearns, 2010; Sauer et al., 2022). The transition of these two main lifestyles involves complex molecular mechanisms of signal transduction and cell–cell communication, many of which have been studied in this group of acidophiles (Bellenberg et al., 2014; Moya-Beltrán et al., 2019; Castro et al., 2020; Díaz et al., 2021).

Swarming motility, the collective locomotion powered by the rotation of the flagella, has been poorly studied in Acidithiobacillaceae family members. Apart from the bioinformatic identification and/or characterization of the flagellar gene clusters in a couple of species of the family, few efforts have been made to understand swarming behavior under acidic conditions (Castro et al., 2015; Yang et al., 2019). In turn, biofilm formation has been studied in further depth in some Acidithiobacillaceae. As in other bacteria, this has been shown to be a dynamic process that requires a self-produced extracellular matrix (ECM). The dependence of cell attachment and biofilm development on ECM has been demonstrated for the mesophilic iron-oxidizer Acidithiobacillus ferrooxidans (Sand and Gehrke, 2006; Vera et al., 2013), the mesophilic sulfur-oxidizer Acidithiobacillus thiooxidans (Harneit et al., 2006; González et al., 2012), and the moderate thermophilic sulfur-oxidizer ‘Ferviacidithiobacillus caldus’ (ex. Acidithiobacillus caldus) (Edwards et al., 2000; Castro et al., 2020; Moya-Beltrán et al., 2021). The ECM in these bacteria is commonly composed of a mixture of fatty acids, proteins, and sugars, with variations depending on the type of substrate (Gehrke et al., 1998) and the taxon (Castro et al., 2015, 2020). The biofilm structure has also been observed to be dependent on substrate. In contrast to metal sulfides, where the cells tend to form monolayer biofilms (González et al., 2012; Bellenberg et al., 2014), biofilms formed by ‘F. caldus’ and A. thiooxidans on elemental sulfur develop structures of further complexity consisting in a few layers of cells connected through filament-like projections of yet-unknown nature (Castro et al., 2015; Díaz et al., 2018). Despite these advances, our knowledge about the ECM produced by the Acidithiobacilliaceae is still very limited, particularly regarding the structural organization of its basic components, as well as the physiological and molecular mechanisms in which the matrix is involved.

Membrane vesicles (MVs) are nanosized proteoliposomes derived from the cell membrane. Their shedding from the cell surface or ‘vesiculation’ is a conserved phenomenon occurring across all domains of life (Deatherage and Cooksona, 2012; Bonnington and Kuehn, 2014; Haurat et al., 2015). In recent years, representatives of the main branches of the tree of life have been demonstrated to produce MVs (Gill et al., 2019; Liu et al., 2021a). MVs participate in diverse and critical functions in microbial physiology, such as host colonization and pathogenesis (Kuehn and Kesty, 2005), adaptive responses to stress (MacDonald and Kuehn, 2012), resistance to bacteriophage infection (Manning and Kuehn, 2011), antibiotics and antibodies sequestering (Chattopadhyay and Jaganandham, 2015), bacterial mortality (Kadurugamuwa and Beveridge, 1996), gene transfer (Domingues and Nielsen, 2017), and nutrient cycling (Liu et al., 2021b). Importantly, in a few bacterial species it has been demonstrated that MVs play structural and regulatory roles in biofilm formation (Baumgarten et al., 2012), cell–cell association (Schooling and Beveridge, 2006; Remis et al., 2014; Wang et al., 2015), and interaction with ECM components such as exopolysaccharides and extracellular DNA (eDNA) (Schooling et al., 2009).

Previous reports have provided hints on the production of MVs in Acidithiobacilliaceae family members. Knickerbocker described the release of ‘blebs’ from a sulfur-oxidizing bacteria, phenotypically identified as A. thiooxidans (Knickerbocker et al., 2000). No formal characterization of the presumed MVs was presented in that study, yet it was conjectured that blebs could have a role in ‘wetting’ elemental sulfur, which is highly hydrophobic (Jones and Starkey, 1961), thus facilitating bacterial colonization and oxidation of sulfur particles. More recently, Covarruvias et al. described that under DNA-damaging conditions, a culture of ‘F. caldus’ strain ATCC 51756, which carries a Myoviridae prophage integrated in its genome, produced DNA-containing tail-less icosahedral viral capsids and spherical outer membrane vesicles (Covarrubias et al., 2017). While the isolated viruses were non-infective (Covarrubias et al., 2018), the outer membrane vesicles present in the viral filtrates coincided in size and shape with those described for MVs. Despite these findings, the production of MVs by these and other members of the Acidithiobacillaceae family has not been confirmed, and the ecophysiological roles of MVs in this group of extreme acidophiles are still unknown. In this study, we evaluate the production of MVs in Acidithiobacillaceae family members and explore their role in multicellular colonization behaviors, such as swarming motility and biofilm development.



2 Materials and methods


2.1 Bacteria, cultivation, and incubation conditions

‘F. caldus’ ATCC 51756T, A. thiooxidans ATCC 19377T, and A. ferrooxidans ATCC 23270T liquid cultures were grown in modified Bangor Acidophile Research Team (BART) medium plus trace elements solution (Ňancucheo et al., 2016). The modified medium (1X) lacked yeast extract, glycerol, and zinc, and the pH was adjusted to 2.5 or 2.8 when supplemented with elemental sulfur (1% w/v) or potassium tetrathionate (K2S4O6) (0.15% w/v) as solid and soluble energy sources, respectively. Flasks for cell biomass production and bulk production of MVs were incubated on rotary shakers at 100 rpm and 30°C, except ‘F. caldus’ ATCC 51756T cultures which were grown at 40°C. Growth was monitored periodically by cell counting using an Improved Neubauer chamber (0.02 mm depth, Marienfeld GmbH & Co, Germany) and an optical microscope with phase contrast (Zeiss Axioskop 2). Bulk production of MVs by the three strains for initial observation, size determination, and quantification (section 3.1) were assessed in sulfur-grown 10-day-old cultures (~4 × 108 cells/mL) grown under the above-stated conditions. To test the effect of temperature on production of MVs, ‘F. caldus’ sulfur-grown stationary phase cultures were resuspended in 600 mL (~2.6 × 109 cells/mL) and disposed in three flasks. Each flask (200 mL, ~5 × 1011 cells/mL) was incubated at physiological temperature (40°C) or non-optimal temperatures (55°C and 70°C) for 8 h at 100 rpm, in duplicate before MVs harvesting and analysis. ‘F. caldus’ ATCC 51756T cells used in swarming experiments were harvested from tetrathionate-grown cultures at mid-logarithmic (~8 × 107 cells/mL) or late logarithmic/early stationary phase (~1.3 × 108 cells/mL). To conduct the swarming motility tests, a phytagel–tetrathionate semisolid medium (PTSM) was developed, containing phytagel (Sigma) (0.07% w/v) as gelling agent and tetrathionate (0.15% w/v) as energy source (see Supplementary Methods). Biofilm formation on sulfur was conducted as described in Castro et al. (2015) by incubating homemade sulfur coupons with ‘F. caldus’ ATCC 51756T cells for 72 h at 40°C. Coupons were washed twice with fresh BART medium and fixed in paraformaldehyde (4%) until observation. Biofilms were developed on a semisolid medium by adding 20 μL containing 1 × 108 ‘F. caldus’ cells on PTSM plates containing phytagel (0.9% w/v) and tetrathionate (0.15% w/v), which were incubated at 40°C for 10 days. Biofilms were fixed in an epoxy resin for thin sectioning.



2.2 Membrane vesicle harvesting, isolation, and quantification

Cell cultures that reached the desired growth stage for harvest were centrifuged at 6,500 g using an F15-6 X 100Y rotor (Thermo Heraeus Megafuge 16R Centrifuge) for 15 min at 4°C to produce cell-free culture supernatants. Remnant cells were separated from the solution via vacuum filtration through 0.45- and 0.22-μm pore size filters (Millipore™, 47 mm). Next, the supernatants were concentrated to a final volume of ~60 mL through tangential flow filtration (Masterflex™ #HV-07518-00) using a 100-KDa cassette (Minimate™ TFF Capsule Omega 100 K membrane). Finally, MVs were sedimented from the concentrated supernatants through high-speed centrifugation at 150,000 g during 1.5 h at 4°C using an SW 41 rotor (Beckman Coulter) and an ultracentrifuge (Optima™ LE-80 K, Beckman Coulter). The pellets obtained were resuspended in 1 mL of filter (0.22 μm) sterilized PBS buffer (pH 5). Samples were stored at −20 or 4°C until further experiments. This protocol is a modification of those described elsewhere (Chutkan et al., 2013; Klimentová and Stulík, 2015; Busatto et al., 2018; Gerritzen et al., 2019). Fresh MV preparations and serial dilutions were used to evaluate the size distribution of MVs and for quantification using nanoparticle tracking analysis on a NanoSight NS300 (Malvern Panalytical NanoSight) equipment available at the Unit of Electron Microscopy (Universidad de Chile). The parameters (camera level, slider shutter, slider gain, detect threshold) were adjusted manually for data recompilation.



2.3 Evaluation of multicellular surface colonization behaviors

Swarming motility was tested for ‘F. caldus’ ATCC 51756T and A. thiooxidans ATCC 19377T, yet not in A. ferrooxidans ATCC 23270T as this strain lacks flagella-encoding genes and thus also the capacity to swarm (e.g., Valdés et al., 2008). Cells were harvested from tetrathionate-grown cultures, washed (twice), and resuspended in BART medium (pH 2.8). The effect of amendment of cognate MVs on swarming of ‘F. caldus’ cells was tested under two different conditions: (a) on mid-logarithmic cells (~8 × 107 cells/mL) or (b) on stationary phase cells (~1.3 × 108 cells/mL). Cells were resuspended at a concentration of 8 × 109 cells/mL in BART medium and then mixed 1:1 with a MV-enriched cell-free extract of 1 × 1012 particles/mL or PBS buffer as negative control. 5 μL of samples containing cells (2 × 107) or cells (2 × 107) plus MVs (2.5 × 109 MVs) were inoculated in the center of PTSM swarming plates. Swarming was monitored daily using a stereoscope (LEICA EZ4 W) (10 X), and photographs were taken with a camera (Canon Power Shot G12) at a focal length of 21 cm. Attachment of ‘F. caldus’ cells to sulfur surfaces was tested using both elemental sulfur powder (Sigma-Aldrich) and lentils (Elemental®). The incubation time required for maximum early attachment on sulfur surfaces was determined empirically at 120 min (see Supplementary Methods). Sulfur was incubated with or without MVs at two concentrations (1X = 7.5 × 109 MVs and 10X = 7.5 × 1010 MVs) for 15 min (sulfur powder) or 120 min (sulfur lentils) and then exposed to mid-logarithmic/planktonic cell suspension for 120 min. The decrease in concentration of planktonic cells due to surface attachment was monitored over 3 h to avoid cell growth effects (generation time: 8 h).



2.4 Staining and microscopy analyses

Biofilms of ‘F. caldus’ ATCC 51756T on sulfur coupons were observed by confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). For CLSM, sulfur coupons were stained with the LIVE BacLight ‘live/dead’ stain according to the supplier recommendations (Thermo Fisher). A laser scanning module (LSM 510 Carl Zeiss® Jena), coupled to an inverted Axiovert 100 MBP microscope (Zeiss®), was used. Micrographs were obtained with the plan-apochromatic 100×/0.79 oil DIC objective. Basic visualization and image manipulation were performed using ImageJ.1 For SEM, sulfur coupons were processed to critical point drying, coated with gold, and observed in a LEO VP1400 microscope (Faculty of Physics, Pontificia Universidad Católica de Chile).

Thin sections of colony biofilms (~80 nm) were obtained using a microtome (Advanced Microscopy Unit, Pontificia Universidad Católica de Chile), stained with uranyl acetate and examined by using Philips Tecnai 12 (Biotwin) or Talos F200C G2 Transmission Electron Microscope (TEM). Early attachment of ‘F. caldus’ ATCC 51756T cells on sulfur lentils and the effect of amended MVs were monitored by epifluorescence microscope (EFM). MVs and cells of ‘F. caldus’ were differentially stained with DiO (11.3 nM) and 4′,6-diamidino-2-phenylindole (DAPI) (300 nM), respectively (see Supplementary Methods). Images were acquired with an inverted EFM microscope Zeiss® Axio Observer Z1/7 using the 40 X objective and processed with the software Zeiss® Zen Pro version 3.0. For massive image analysis, at least 12 tiles were taken per sample, each composed of 16 individual images. Images were taken in Z-stacking mode with a focus depth of approximately 30 layers of 0.57 μm each. EFM images were manually pre-filtered and then processed using a Python-based code, which allowed for the extraction of quantitative parameters of interest (see Supplementary Methods). The data were analyzed using GraphPad Prism software, employing standard error of mean to evaluate the differences between experimental conditions and establish correlations between variables (presence of vesicles, vesicle density, and presence of cells). The detection of nucleic acid associated with ‘F. caldus’ MVs was performed by CLSM. Cells (5 × 107 cells/mL) and MVs (7.5 × 1010 particles/mL) were co-stained with DAPI (800 nM) and FM 4–64 (5 μg/mL). Samples were disposed on glass slides combined with FluorSave (FluorSaveTM Reagent, Merck Millipore) and visualized using a Zeiss Airyscan LSM 880 microscope with Airyscan detection.



2.5 Protein extraction and proteomic analysis of MVs

Protein purification and sequencing work were carried out at the Melisa Institute (Concepción, Chile). Proteins were recovered from MV-enriched cell-free extracts from two independent replicates of ‘F. caldus’ ATCC 51756T sulfur-grown cultures (MV1 and MV2) and their integrity assessed by SDS-PAGE. Purified proteins were trypsin-digested (Promega, #V5071) and subjected to LC–MS/MS analysis using a nanoUHPLC nanoElute (Bruker Daltonics) coupled to a timsTOF Pro mass spectrometer (‘Trapped Ion Mobility Spectrometry—Quadrupole Time Of Flight Mass Spectrometer,’ Bruker Daltonics) (see Supplementary Methods). Data obtained were analyzed with the PEAKS Studio X + software (Bioinformatics Solutions). Identification of the ‘F. caldus’ ATCC 51756T proteome was done against the UniProt database (proteome ID UP000005522, 2,867 entries). False discovery rate (FDR) estimation was included through a decoy database, with an FDR ≥ 1% (significance ≥20 in PEAKS Studio X+) and a requisite of a minimum unique peptide per protein for identification. For semi-quantitative analysis of proteins, the exponentially modified protein abundance index (emPAI) was calculated accordingly (Ishihama et al., 2005; Shinoda et al., 2010). Protein sequences were assessed by orthology and conserved domains against the Cluster of Orthologous Groups of proteins (COG) database using PSI-BLAST (Altschul et al., 1997) and the Conserved Domains (CD) database search (Marchler-Bauer et al., 2017), respectively. Protein location was predicted by using SignalP 5.0 Server (Almagro Armenteros et al., 2019), Transmembrane HMM (TMHMM) (Krogh et al., 2001), and pSort (Gardy et al., 2003).



2.6 DNA extraction and quantification of MVs

MV samples (200 μL, 35 μg of protein) were treated with DNase I (Ambion™ DNase I (RNase-free) Invitrogen™) at 37°C for 20 min, and subsequently, 450 μL of TE buffer (25:10 Tris-EDTA) were added. Lysis was induced by amendment of 50 μL of lysozyme (50 mg/mL) (Thermo Scientific), 25 μL of 5 M NaCl, and incubation at 37°C for 30 min. Then, 50 μL of 20% SDS, 5 μL of proteinase K (20 mg/mL), and 1 μL of RNase A (PureLink™ RNase A, 20 mg/mL, Invitrogen™) were added. The mixture was incubated for 1 h at 37°C, and DNA was extracted by using phenol–chloroform and isopropanol precipitation. The DNA was resuspended by adding 50 μL of nuclease-free water and quantified using the Quanti-iT™ PicoGreen dsDNA Assay Kit (Molecular Probes, Life Technologies) through an ELISA plate reader (Synergy H1, Biotek).




3 Results


3.1 Synthesis of MVs is a common trait in Acidithiobacillaceae family members

To assess the potential of members of the Acidithiobacillaceae family to produce MVs, we selected three representative species and strains for study—‘F. caldus’ ATCC 51756T, A. thiooxidans ATCC 19377T, and A. ferrooxidans ATCC 23270T, which are the most extensively researched strains in the taxon. We obtained enriched MV fractions from elemental sulfur-grown late-exponential cultures consisting of nanosized particles that showed positive staining with the high-affinity membrane dye FM1-43 (Figure 1A). The size of the lipidic nanoparticles produced by the three species ranged between 91 and 205 nm (percentile 80) (Figure 1B) and showed a round shape (Figure 1C) in agreement with the morphology described for bacterial MVs (Nevot et al., 2006; Pérez-Cruz et al., 2015).

[image: Figure 1]

FIGURE 1
 Characterization of MVs synthetized by Acidithiobacillaceae family members. (A) Visualization of MV-like particles on a glass slide. Samples obtained from ‘F. caldus’, A. thiooxidanst, and A. ferrooxidansT cultures grown using sulfur as an energy source were stained with the lipid-binding dye FM 4–64 (5 μg/mL) and observed by epifluorescence microscopy. White bar, 2 μm. (B) Size distribution of the total population of samples of MVs using nano tracking analysis (NTA). (C) TEM visualization of MVs obtained from a cell-free enriched sample of ‘F. caldus’. Red bar, 100 nm.


Given that the production of MVs has been linked to the fluidity of bacterial membranes (Kulkarni et al., 2014), which is influenced by temperature (e.g., McMahon et al., 2012), then we investigated whether heat treatment for the duration of one generation time period (8 h) could induce the production of nanosized particles in cell cultures grown under similar conditions. Using the moderate thermophilic bacterium ‘F. caldus’ ATCC 51756T as a test case, we observed a net increase in the number of nanoparticles present in the cell-free supernatants upon heat treatment. The rate of increment was 1.6 (1.2 × 1011 nanoparticles) at 55°C and 2.0 (1.5 × 1011 nanoparticles) at 70°C, compared with the physiological condition (7.7 × 1010 nanoparticles at 40°C) (Supplementary Figure S1), indicating a linear relationship between vesiculation and temperature (R2 = 0.9948). Altogether, these results indicate that vesiculation is a common phenomenon in members of the Acidithiobacillaceae family. Thereafter, we chose ‘F. caldus’ as representative of the family to evaluate the effects of MVs in collective behaviors and surface colonization-related phenotypes.



3.2 ‘F. caldus’ MVs affect swarming motility in PTSM plate assays

To assess whether the MVs produced by ‘F. caldus’ ATCC 51756T could facilitate swarming, we evaluated the motility behavior of cognate cells on PTSM swarming motility plates in the presence and absence of added MVs. After 120-h incubation, control cells amended with PBS buffer only (without added MVs) accumulated at the border of the inoculation drop as evidenced by the formation of a neat white ring (Figure 2A, ring 1). At 168 h of incubation, some cells migrated from the center outward establishing microcolonies observable as discrete white dots. These microcolonies spread and coalesced, giving rise to a second ring (Figure 2A, ring 2), from where cells swarmed coordinately as revealed by the smooth concentric ring pattern developing after 10 days and onward. In contrast, cells inoculated in the presence of added MVs formed a thinner first ring (65% width of ring 1 from control cells), and then immediately started to swarm coordinately, bypassing the microcolony establishment step.
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FIGURE 2
 Effect of ‘F. caldus’ MVs on ‘F. caldus’ swarming motility. Two different inocula of ‘F. caldus’ cells were used, harvested at exponential (8 × 107 cells/mL) (A), and stationary phase (1.3 × 108 cells/mL) (B). Cells (4 × 109 cells/mL) were mixed 1:1 with an MV-enriched cell-free extract (1 × 1012 particles/mL) or PBS buffer as a negative control; 5 μL of samples containing cells (2 × 107) or cells (2 × 107) plus MVs (2.5 × 109 MVs) were inoculated in the center of swarming plates containing phytagel–tetrathionate semisolid medium (PTSM).


To determine whether the swarming phenotypes observed (Figure 2A) were reliant on the motility inherent to the initial cell culture, we next assessed the effect of MVs amendment on cells harvested at early stationary phase from elemental sulfur cultures, which exhibit reduced flagellar motility (see Methods). In this condition, the control cells did not migrate toward the edge of the inoculation drop, forming instead discrete colonies inside the drop area (Figure 2B). Each colony individually expanded, asymmetrically, with the side farthest from other colonies being the fastest. Colonies within this perimeter grew until coalescence, which subsequently allowed smooth swarming after 216 h (Figure 2B, last panel). In presence of added MVs, the inoculated cells spread faster and achieved smooth swarming quicker than control cells (at 144 h). These results demonstrated that amendment of MVs facilitates the swarming motility of ‘F. caldus’ cells regardless of the culture’s growth phase, and suggest the possibility that MVs play a role during solid surface colonization and biofilm formation.



3.3 MVs are structural components of acidophilic biofilms grown on sulfur

To determine whether MVs were present in biofilms formed by ‘F. caldus’ ATCC 51756T, we incubated sulfur coupons with mid-exponential cell cultures and analyzed the established biofilms by microscopy after 72 h. CLSM confirmed the formation of mature biofilms consisting of a few layers of cells (up to 10 μm) (Figure 3A), while SEM analysis showed multiple nanotube-like filaments connecting cells within the biofilm layers (Figure 3B). We also observed biofilm areas with a higher density of filaments, some forming complex networks or hubs that seemed to connect more than two cells simultaneously (Figure 3C). Each cell in the biofilm formed between one and five filaments (Figure 3D) that physically connected it to other cells, suggesting direct cell-to-cell physical interaction, communication, or exchange. ‘F. caldus’ biofilms also showed the presence of spherical nanosized MV-like structures attached to surficial cells (Figure 3E). We also observed MVs associated directly with the filaments (Figures 3F,G). The co-occurrence of filaments and MVs was not observed in all samples prepared by SEM imaging (data not shown), suggesting that production of MVs in this kind of biofilms could be stochastic or that the permanence of MVs at the biofilm surface could be quite labile to handing for SEM imaging. Therefore, we decided to evaluate the presence of MVs within the biofilm structure.
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FIGURE 3
 ‘F. caldus’ biofilm on the elemental sulfur surface. (A) confocal microscopy using ‘live/dead’ stain (Thermo Fisher). (B) TEM showing MVs and tube-shaped membrane structures (TSMS). Approximately one-third of the cells in the upright layer possessed a single MV-like structure attached to its surface (37 MVs/115 cells), generally on the apical quarter of the cell. (C) Biofilm areas where the filaments were concentrated forming complex networks or hubs. (D) Multiple filaments that directly allow cell-to-cell physical interaction, communication, or exchange. (E) ‘F. caldus’ cell ‘blebbing’ produces MVs attached to surficial biofilm cells. (F,G) MV-TSMS association. Red bar, 1 μm.


We examined TEM thin sections (~80 nm) of a 10-day-old biofilm grown on PSTM media (0.9% phytagel), following fixation and embedding in epoxy resin. The internal structure of the biofilms formed by ‘F. caldus’ revealed that MVs were remarkably abundant within the intercellular space (Figure 4A). Some MVs were spatially arranged one after the other, forming chains that seemed to be partially fused (Figure 4B) and resembled the tube-shaped membranous structures (TSMSs) observed by TEM in other Gram-negative bacteria, such as Shewanella oneidensis and Myxococcus xanthus, both of which form through MVs fusion (Pirbadian et al., 2014; Remis et al., 2014; Wei et al., 2014). Incubation of ‘F. caldus’ MVs on sulfur coupons, in the absence of cells, showed filament structures that resemble TSMS-like occurring in mature ‘F. caldus’ biofilms (Figures 5A). This phenomenon was not observed when MVs were placed on aluminum oxide filters (Anodisc, Whatman) (Figure 5B), suggesting that the hydrophobic nature of sulfur could be involved in fusion promotion of MVs.
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FIGURE 4
 ‘F. caldus’ biofilm on semisolid media. TEM shows thin sections of the colony biofilm formed by ‘F. caldus’ cells. (A) MVs (red arrows) and (B) tube-shaped membrane structures (TSMS) (yellow arrows) are depicted. Red bar, 1 μm.
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FIGURE 5
 MVs enriched samples aggregate on sulfur surface. TEM of ‘F. caldus’ MVs on (A) aluminum oxide filter (Anodisc, Whatman) and (B) elemental sulfur. MVs (red arrows) and tube-shaped membrane structures (TSMS)-like (yellow arrows) are depicted. White bar, 1 μm.




3.4 Amendment of MVs affects the attachment of ‘F. caldus’ cells to elemental sulfur

To evaluate whether MVs were promoters of biofilm formation on elemental sulfur surfaces, we explored the effects of MVs amendment on the early attachment dynamics of planktonic cells. To this end, mid-logarithmic ‘F. caldus’ cultures (3.3 × 107 cells/mL) were exposed to elemental sulfur (powder), and cells remaining in the planktonic phase of the culture were quantified over short time periods (maximum of 3 h). As a result of cell attachment on the elemental sulfur surface, the attached cell population was observed to increase by up to 58% at 30 min and 69% after 120 min in control cultures (Table 1). This increment was less pronounced upon amendment of MVs (50% at 30 min) and more so upon addition of a 10X higher dose of MVs (15% at 30 min). These results indicate that MVs caused a net decrease in the bacterial attachment to the sulfur surface, which was proportional (a 10X difference in concentration of MVs produced a 3X decrease in cell attachment) to the concentration of MVs present in the treatment.



TABLE 1 Effect of MVs on early cell attachment on sulfur.
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Given these results, we next evaluated the effect of MVs on early attachment of ‘F. caldus’ cells to sulfur lentils by EFM and massive image analyses. Early cell attachment to the sulfur surfaces occurred up to 120 min, time at which growth-related or detachment effects were first evident (Supplementary Figure S2). As MVs tend to form aggregates on the lentils (Supplementary Figure S3), their discrimination from cells using fluorescent dye staining required optimization (see Methods for details). Microcolonies were observed as bright DAPI-stained cell clusters (blue channel), while MVs (green channel) appeared blurry as DiO-stained clouds (Supplementary Figure S4). Quantitative analysis of the density of attached cells and/or their microcolonies revealed differences in the number of microcolonies/μm2 between experimental treatments. Sulfur lentils preincubated with MVs showed a reduction in cell attachment of 42% with respect to lentils exposed to the cell suspension in the absence of MVs (adjusted p-value:0.002; Figure 6). Moreover, the attached cells and microcolonies exhibited minimal colocalization with the MVs as evidenced by the scarce colocalized signals of DAPI and DiO. Colocalization values of 1.2 and 3.5% were obtained with preincubation of lentils with MVs suspensions of 7.5 × 1010 and 7.5 × 109 particles/mL, prior to the addition of cells (not shown). This suggests that colocalization of MVs and cells is unlikely to occur under our experimental settings and that MVs may competitively interfere with cell attachment to the sulfur surface, rather than recruiting cells.
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FIGURE 6
 The addition of MVs impairs ‘F. caldus’ attachment to sulfur. ‘F. caldus’ was added to clean or precolonized sulfur lentils with MV and incubated as described. Cell and microcolony counts quantified with DAPI are shown. Blue bars show cells with an additional DiO staining, whereas gray bars show cells without DiO staining. Experiments with MVs addition are shown with orange borders. Bacterial attachment quantification is expressed as colonies per unit of area (μm2). A total of 990 images were quantified between these conditions.




3.5 ‘F. caldus’ MV-associated proteins typify vesicles as OMVs and OIMVs

To explore the nature of the observed competitive behavior between ‘F. caldus’ MVs and cells upon colonization of sulfur surfaces, we assessed whether the MVs could be typified as outer membrane vesicles (OMVs) and/or as outer–inner membrane vesicles (OIMVs) (according to the definition by Toyofuku et al., 2023). For this, we characterized the protein cargo of MVs produced by sulfur-grown ‘F. caldus’ ATCC 51756T cell cultures using LC–MS/MS proteome analysis in two independent MV batches (MV1 and MV2; Supplementary Figure S5). A total of 796 MV-associated proteins were identified in the pooled dataset, 510 of which were common between the experimental replicates, while 182 (MV1) and 104 (MV2) were exclusive to either sample. Proteins identified in each sample are shown in Supplementary Table S1. MV-associated proteins identified in the two independent assays (510/796, 64%) were annotated, classified in COG categories, and used in metabolic reconstruction analysis (Supplementary Table S1). Among the most represented COG categories recovered in the MV-associated protein fraction were those related to cell envelope (M, 10.98%), chaperones (O, 7.06%), energy metabolism (C, 4.31%), inorganic ion transport (P, 4.71%), and cell motility (N, 2.16%), known to partition between the inner membrane (IM), periplasm (P), and/or outer membrane (OM) cellular compartments (Figure 7A). Subcellular location analysis of the 510 MV-associated proteins revealed signatures of membrane targeting or destination (transmembrane domains and/or the signal peptides used by secretory, lipoprotein, or twin-arginine translocon) in 222 of the automatically annotated proteins. In addition, nine proteins without identifiable targeting signal or transmembrane segments were predicted as ‘Cytoplasmic Membrane’ proteins, and a second subset of 17 proteins with neither signal peptide nor transmembrane segments were predicted as periplasmic, outer membrane proteins, or extracellular proteins by using the PSORTb algorithm, including several flagellar-associated proteins (Figure 7B; Supplementary Table S1). Conjunctly, this indicates that nearly half of the recurrent proteins present in the MVs (248/510; 48.6%) may be targeted directly to the cell envelope.
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FIGURE 7
 Protein content of ‘F. caldus’ MVs indicates the production of OMVs and OIMVs. (A) Proteins of MVs are shown grouped by COG functional category. (B) predicted subcellular location signals of proteins of MVs. (C) TEM showing OMVs and OIMVs. Red bar, 1 μm.


Almost one-third of MVs proteins with no predicted signal (71/262) were related to essential processes such as replication, transcription, and translation (COG categories, L, K, and J, respectively), and these proteins are likely abundant in active cells (e.g., 46 ribosomal proteins were identified in both MVs samples). These results confirmed the presence of cytoplasmic proteins in ‘F. caldus’ MVs preparations, in agreement with previous studies (Choi et al., 2011; Pierson et al., 2011; Elhenawy et al., 2014; Zielke et al., 2014). In addition, the presence of intraluminal DNA, reflecting carriage by ‘F. caldus’ MVs of cytoplasmic content, could be confirmed by DNAse I resistant extraction and simultaneous detection of fluorescence in MV samples stained with membrane (FM4-64) and DNA (DAPI) dyes using a confocal laser scanning microscope equipped with Airyscan detection (Supplementary Figure S6). PCR amplification of both chromosomal and episomal gene markers indicated that both types of DNA could be transported by O/IMVs. The emPAI-based quantification revealed that in ‘F. caldus’ MVs, the proportion of cytoplasm-associated proteins (262 predicted) constituted only 20.0 mol% of the protein mass, while the predicted envelope-targeted proteins (248 in total) amounted to 79.7 mol% (Table 2; Supplementary Table S1). Among the latter, 147 proteins (61.1 mol%) were predicted to be targeted to the periplasm, OM, or extracellular space (see Supplementary Figure S7; Supplementary Table S2). Altogether, these results indicate that although OIMVs with inner membrane and cytoplasmic content are present in ‘F. caldus’ MVs fractions collected by our method, most of the MVs obtained can be typified as OMVs with periplasmic and outer membrane content. Accordingly, we observed MVs with one and with two membranes in slices of resin-embedded MV samples (Figure 7C), corroborating the presence of both OMVs and OIMVs in our preparations.



TABLE 2 Bioinformatic annotation of relevant and abundant proteins present in membrane vesicles produced by ‘F. caldus.’
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3.6 MV-associated proteins play a role in substrate attachment and oxidation of RISCs

To better understand the role of MVs in ‘F. caldus,’ we examined the functional significance of the most abundant proteins in the MVs’ cargo, as identified by LC–MS/MS proteomic analysis, based on their mass abundance (Table 2; Supplementary Table S1). In particular, we focused on cell envelope-associated MVs protein content that could provide hints on the role played by the vesicles in substrate colonization processes. Of the extracellular structures known to play a role in collective behaviors related to twitching (type IV pilus T4P), swarming motility (flagella), cell–cell aggregation, and/or cell–surface attachment (Tight Adherence Tad pilus-like), only T4P was highly represented and abundant in the recovered MV batches analyzed. T4P MV-associated proteins included the IM alignment subcomplex PilMNOP (PilM detected only in one MV sample), the OM secretin subcomplex PilQ and PilF (pilotin), the associated adhesin PilY1, and the IM retraction ATPase PilU. Among the 50 most abundant proteins determined by emPAI (which account for 91–95% of total proteins detected) in MV1 and MV2 samples were PilQ and PilF subunits. It is known that extracellular T4P components could act as adhesins for surface interaction in several bacteria, suggesting a similar role in MVs attachment to sulfur surfaces. Flagellar proteins also occurred in both, or in either MV sample, albeit at very low relative abundances, suggesting that they are only minor or random components of the O/IMVs of ‘F. caldus’. Other proteins detected in the MVs, which are involved in cell–cell aggregation and biofilm formation because of their role as adhesins, were the ones forming part of the 5-protein cell envelope complex involved in the production Fap amyloid fibrils. Both the OM fiber secretin FapF and the accessory peptidase C39 FapD were abundant in the MV samples (among the 80 most abundant proteins), yet other OM components relevant to their role in adhesion (e.g., the fiber component FapC Acaty_c0530) were missing in the analyzed preparations. Additionally, cargo of MVs contains proteins involved in the synthesis of Pel exopolysaccharide. Specifically, the OM protein PelC and the periplasmic enzyme PelA were among the 100 most abundant proteins in ‘F. caldus’ MVs. Albeit less abundant, the inner membrane regulatory protein PelD (c-di-GMP binding) was also detected.

The protein cargo of ‘F. caldus’ MVs also included a broad set of enzymes involved in energy obtention and sulfur oxidation. Among these were enzymes involved in the oxidation of hydrogen (uptake hydrogenase large and small subunits and a Ni,Fe-hydrogenase III large subunit), sulfide (2 out of the 3 copies of SQR, sulfide–quinone reductases), di/persulfides (the HdrABC hetrodisulfide reductase complex and other accessory proteins encoded in the same hdr locus), thiosulfate (the SoxYZ, SoxAX, and SoxB components of the truncated version of the thiosulfate oxidizing multi-enzyme system, encoded in both Sox-I and Sox-II loci) and tetrathionate (the periplasmic tetrathionate hydrolase Tth), yet neither the IM-bound thiosulfate–quinone oxidoreductase (TQO) encoded in the same operon with Tth nor the cytoplasmic enzymes involved in elemental sulfur oxidation (such as SOR). Other tens of proteins related to sulfur mobilization functions (such as DsrE-like proteins, rhodanases, thioredoxins, glutaredoxins, and glutathione S-transferase) and electron transfer functions (such as the high-potential iron–sulfur protein HiPIP and cytochromes c551/c552 and P460), were also found among the MV-associated proteins (Supplementary Table S1). According to the emPAI quantitative data, SoxYZ, SoxAX, and SoxB components encoded in the Sox-I gene cluster were among the top 25 proteins in our MVs preparation, suggesting they are quantitatively important for ‘F. caldus’ growth during oxidation of RISCs and possibly also in MV function. Inner membrane proteins related to oxidation of RISCs were also present in the MVs proteome, albeit in lower quantities (e.g., two putative SQRs). Altogether, these results show that OMVs and OIMVs from ‘F. caldus’ cells grown in the presence of elemental sulfur carry OM and periplasmic components relevant to RISC oxidation. Such protein cargo could confer MVs with residual oxidation activity upon attachment to elemental sulfur particles, most likely mediated by one or several surficial adhesins also found to be relevant components of the population of MVs. This may be relevant to extend the actions of cells on the surface, by providing further oxidizing capacities for elemental sulfur and/or RISCs.



3.7 Highly abundant MV protein cargo controls membrane organization and constriction

Among the most abundant proteins in the LC–MS/MS proteome datasets were those related to the correct sorting, assembly, and folding of proteins at the periplasm and OM, including the complete β-barrel porins assembly machinery (BamA-E), and the periplasmic (LolA) and OM (LolB) components of Lol system for sorting and localization of lipoproteins, along with different periplasmic chaperones (peptidyl-prolyl cis-trans isomerases and proteases). Other abundant cell envelope components found were the peptidoglycan (PG)-covalently attached Braun lipoprotein (LppC), and the periplasmic (LptA) and OM (LptDE) components required for lipopolysaccharide (LPS) transport to the OM. At lower abundance, we also detected ABC transporter components involved in the trafficking of phospholipids between the IM and OM (lipid asymmetry pathway surface lipoprotein MlaA and the periplasmic protein MlaC).

Other abundant proteins found in ‘F. caldus’ MVs were IM proteins related to isoprenoids and lipids (hopanoids and sterols) transport and biosynthesis. These included an ortholog of yceI encoding the polyisoprenoid-binding protein YceI, the ABC transporter membrane protein HpnM involved in hopanoid biosynthesis, and a predicted sterol carrier protein. Although at less abundance, the cardiolipin synthetase phospholipase D was also detected in MVs. All these proteins play a role in controlling the structural organization and function of biological membranes. Congruently, several proteins involved in the maintenance of cell integrity were found among the highly abundant proteins present in ‘F. caldus’ MVs (top 50 most abundant proteins). These included components of Tol-Pal systems involved in the maintenance of the outer membrane and linking the IM and OM, such as TolB OM proteins, and two families of peptidoglycan-associated lipoprotein (PAL), OmpA/MotB and OprL. Also, the cell division coordinator CpoB ranked in the high abundance category. In turn, enzymes involved in PG degradation were only detected at low abundances, such as the endolytic peptidoglycan transglycosylase RlpA (involved in PG degradation in the division septum). The periplasmic component of the bacterial Cpx-two-component system, CpxP, which works along with the membrane histidine kinase CpxA and the transcriptional regulator CpxR as a global modulator of cell envelope stress in Gram-negative bacteria (including the sensing of unfolded proteins such as pilins, Zhou et al., 2011) was also found at high abundance in ‘F. caldus’ OMVs.




4 Discussion

Results presented in this study demonstrate that ‘F. caldus’ and other Acidithiobacillia class members produce MVs, which are similar in shape and size to MVs described in several other Gram-negative bacteria (Schwechheimer and Kuehn, 2015; Toyofuku et al., 2023). Composition of the MVs seems also conserved with respect to characterized bacterial MVs (e.g., OM proteins, periplasmic proteins, and LPS), consisting of lipid membranes, proteins, and frequently also DNA as evidenced by staining with specific dyes and/or purification of specific molecular fractions. The MVs collected by our enrichment method from ‘F. caldus’ late-exponential cell cultures grown in the presence of elemental sulfur consisted of both OMVs and OIMVs (Figure 8A), albeit at different relative abundance. Both qualitative and quantitative data support this assertion. TEM imaging of the MV preparations confirmed the presence of large quantities of single membrane MVs, accompanied by a much smaller proportion of MVs formed by two membrane bilayers, likely derived from the outer and inner membranes, representing OIMVs (Toyofuku et al., 2019). In addition, the high relative abundance and diversity of proteins predicted to localize in the periplasm, outer membrane, or extracellular space with respect to the cytoplasm recovered in the proteomic analysis further support this interpretation. In addition, only a minor proportion of the vesicles proved to carry cytoplasmic cargo, such as DNA. These types of MVs are frequently produced by bacteria, and vast variations in the proportion of OMVs:OIMVs (10:1–1:1) have been documented in the literature (Pérez-Cruz et al., 2013; Hagemann et al., 2014).
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FIGURE 8
 ‘F. caldus’ Membrane Vesicles structure and proposed functions in substrate colonization. Upper panel. (A) Scheme of the cellular envelope of ‘F. caldus’ showing the most abundant proteins identified experimentally by proteomic analysis of native MV preparations. Less abundant proteins for which a physiological role is known were also included. Protein localization in the different cell compartments was inferred based on the presence of signal peptides (Sec, Tat or LipoP) and predicted transmembrane segments, along with information gathered using the PSORTb localization prediction tool (see Methods). Predicted localization and physiological roles were corroborated against published data for ‘F. caldus’ other Acidithiobacillus spp., and/or other bacterial models. Macromolecules different from proteins found to be part of the MVs cargo (e.g., DNA) are shown within MVs. The mechanisms of generation of outer membrane vesicles via ‘blebbing’ (OMVs, left) and outer–inner membrane vesicles driven by endolysins (OIMVs, right) inferred from the evidence presented in this study are also depicted. Bottom panel. Proposed roles for ‘F. caldus’ OIMVs and OMVs in (B) swarming motility, (C) attachment/detachment process, (D) RISC oxidation, and (E) tube-shaped membranous structures (TSMS) formation. For simplicity, only tetrathionate (S4O6−2) hydrolysis to thiosulfate (S2O3−2) and elemental sulfur (not shown) by Tth, and further thiosulfate oxidation to sulfate (SO4−2) by the Sox complex, are shown. Proposed roles for Fap amyloid proteins and type 4 pili during attachment of MVs to elemental sulfur are depicted, while OMV-associated PelA with a role in ECM degradation is proposed to influence biofilm detachment. Surfactant effects on swarming motility derived from surface amphipathic components (LPS) are also illustrated. The proposed role for MVs in the formation of nanotube-like TSMS is shown between cells in the final panel. Proteins and protein complexes are not drawn to scale and are shown in arbitrary order. IM, inner membrane; PG, peptidoglycan and periplasmic space; OM, outer membrane; LPS, lipopolysaccharide. Created with biorender.com.


The results obtained point to blebbing as the main mechanism of MVs biogenesis in ‘F. caldus’ (Figure 8A) as described for other microorganisms (Toyofuku et al., 2023). Clear evidence of blebbing of MVs by biofilm-associated cells was obtained in this study, both in surficial cells observed by SEM and in cells embedded inside colony biofilms analyzed by thin sectioning and TEM. The prevailing model for bleb formation in bacteria suggests it results from the localized weakening of outer membrane—peptidoglycan (OM-PG) interactions and the associations between the outer membrane, peptidoglycan, and inner membrane (OM-PG-IM). This weakening often occurs during events such as bacterial cell division, where the inward growth of the inner membrane (IM) and peptidoglycan (PG) layer leads to a transient disruption of the septal OM-PG-IM complexes (Deatherage et al., 2009). The release of blebs during the ingrowth of the division septum was reported early on (Burdett and Murray, 1974; Weigand et al., 1976). Even if actively growing cultures of ‘F. caldus’ produced more MVs than late logarithmic and stationary phase cultures, supporting a certain association between production and cell division of MVs, rather than lytic bursting associated with culture decline, protrusion of MVs from the cell division septum in ‘F. caldus’ images was seldom observed (data not shown). Furthermore, the divisome proteins were neither well represented nor abundant in either of the MV batches produced. Also, it is well acknowledged that the OM-PG crosslinks are highly dependent on peptidoglycan remodeling processes (Cahill et al., 2015; Tian et al., 2023). Congruently, the enzymes involved in preserving a balance between the synthesis and breakdown of PG have been proposed to control OMVs synthesis. For example, the synthesis of OMVs has been attributed to the locally reduced activity of lytic transglycosylases (Lappann et al., 2013) or autolysins (endopeptidases), which allow the accumulation of peptidoglycan degradation residues, increasing the outer membrane bulging and the release of OMVs (Zhou et al., 1998; Hayashi et al., 2002). The ‘F. caldus’ MV-associated proteome provided hints on similar mechanisms triggering their production. The MVs from this acidophile were found to carry endopeptidases (e.g., EnvC), lytic transglycosylases (e.g., RlpA) known to play a role during cell division in model bacteria (Jorgenson et al., 2014; Cook et al., 2020), along with other key proteins related with PG remodeling during cell elongation (Fibriansah et al., 2012; Lappann et al., 2013; Alvarez et al., 2014; Morè et al., 2019), such as the D-alanyl-D-alanine carboxypeptidases DacC and MrcA, the lytic transglycosylases MltE and Slt70, and several L,D-transpeptidases.

Even if no analysis of lipids was performed in this study, evidence obtained in the epifluorescence experiments carried out with ‘F. caldus’ cells and MVs suggested that compositional differences between MVs and cells exist at this level. In particular, cell and MV membranes showed different affinities for the lipid-binding dye DiO. Due to its amphipathic nature, this carbocyanine dye intercalates into the lipid bilayers, with a staining behavior that is influenced by the membrane’s physical properties, being positively influenced by its fluidity (Lubart et al., 2020). Our results suggest that membranes of MVs are less ordered and less tightly packed than the rest of the cell membrane under the physicochemical conditions of our assay. Consistently, proteins related to the synthesis of polyisoprenoids, hopanoids, sterols, and phosphatidic acid, which have been linked to the formation of lipid microdomains in bacteria and/or have the ability to change membrane topology and facilitate changes in lipid bilayer curvature (Fanani and Ambroggio, 2023), were abundant in MVs. Local differences in the membrane molecular composition could promote blebbing in ‘F. caldus’ (Pollet et al., 2018), while the differential distribution of proteins to the lipid microdomains or surrounding these patches may induce membrane constriction and vesicle release (Szczepaniak et al., 2020). Tol/PAL proteins were highly abundant in MVs, suggesting that this may be the case.

Both microbiological assays and proteome analyses performed in this study indicate that ‘F. caldus’ MVs participate in processes related to cell–cell and cell–surface interactions, impacting collective behaviors such as swarming and attachment to elemental sulfur. As for other bacteria, swarming behavior in ‘F. caldus’ exhibited a lag phase before smooth spreading. This lag has been reported as necessary for bacterial cells to express swarming-specific functions dedicated to attracting water to the surface, reducing surface tension, and overcoming frictional forces between the bacterial cell envelope and semisolid media (Partridge and Harshey, 2013a,b). We observed that the amendment of ‘F. caldus’ cells with high concentrations of cognate MVs in motility plates, before the onset of swarming, facilitates initial cell spreading by smooth swarming and reduces this lag time (Figure 8B). This evidence is considered indicative of MVs affecting one or more of the swarming-specific processes. Given that the predominant fraction of the isolated vesicles were OMVs, their localization at the surface–contact interface could furnish both their inherent lipopolysaccharides (LPS) and other lipidic or lipophilic molecules that may function as surfactants. In favor of this argument, we detected several protein markers in ‘F. caldus’ MVs related to biosynthesis and transport of LPS, polyisoprenoids, hopanoids, and sterols, some at the high relative abundance in MVs. Yet, evidence of the presence of these compounds in the MVs was not investigated in the current study. If present, and depending on specific functional groups, the charges of these compounds could modify the amphipathic properties to ‘F. caldus’ OMVs and influence motility behaviors such as swarming. These observations, along with the manipulative experiments performed herein, and the natural presence of MVs in swarming cell surroundings, suggest that ‘F. caldus’ OMVs could act as surface-acting agents between the cells and the surface, facilitating swarming motility. In this scenario, it is likely that MVs secreted within mature biofilms could facilitate biofilm/cell detachment from sulfur surface, in concerted action with ECM degrading enzymes. The presence in ‘F. caldus’ MVs of PelA, which has been shown to act as a CE4 glucanase (carbohydrate esterase family 4 deacetylase and α-1,4-N-acetyl-galactosamine glycoside hydrolase; Baker et al., 2016), further supports this assertion.

Along with MVs, we observed electrodense material covering ‘F. caldus’ swarmer cells, indicating the presence of extracellular matrix material that could serve to draw water toward the cell to facilitate swarming. This extracellular material could be any, or a combination, of two types of exopolysaccharide potentially produced by ‘F. caldus’ cells: Pel polysaccharide and cellulose. Both have been recognized as key components of the extracellular matrix in diverse members of the Acidithiobacillaceae family (Díaz et al., 2018; Castro et al., 2020; Vera et al., 2022). Even if our protocol for enrichment of MVs probably strips the MVs of most of the extracellular polymers, it seems likely that native MVs could be surrounded by any of these. MV-specific proteomic data supported the presence of protein components of complexes dedicated to the biosynthesis of EPS, Pel, and cellulose (Figure 8B). While it is tempting to speculate that this observation relates MVs to biopolymer synthesis, no description in the current literature supports this scenario. If this was the case, only IOMVs consisting of all subcellular compartments could have the metabolic potential to exert a similar function in the vesicle, probably as residual activity. Alternatively, MVs protein cargo could be evidence of what the membrane patch that bulged out was doing in the cell (i.e., synthesizing locally biopolymers), and thus what the biopolymers linked to those MVs could be, and/or which proteins were discharged as waste material at the time of sampling the MVs. One intriguing possibility, that will require additional exploration, is that cells shed their surficial attachment arsenal through bulging MVs and thereafter detach from the biofilm for further dispersal and colonization (Figure 8C). Although our purified MV preparations were washed and probably lost the external biopolymers to some degree, the epifluorescence experiments performed showed that ‘F. caldus’ MVs were able to attach to the sulfur surface. According to proteome data, this could be facilitated by adhesin-like proteins contained in MVs, such as the Fap amyloid and some components of the T4P, which were among the most abundant proteins in the dataset (Figure 8D). Functional and proteomic analyses of the MVs in other bacteria have identified adhesins among relevant or primary components of their protein cargo (e.g., BabA and SabA in Helicobacter pylori, Olofsson et al., 2010; FadA and LktA in Fusobacterium necrophorum, Bista et al., 2023) supporting a general role for OMVs in mediating cell–cell and cell–surface functional interactions.

Intriguingly, our results showed that although MVs are produced by ‘F. caldus’ biofilms, and get attached to the sulfur surface, they do not promote biofilm development on this type of surface. In fact, clear evidence was obtained on the inverse effect, i.e., MVs prevented the initial attachment of ‘F. caldus’ cells to sulfur. The nature of this effect is presently unclear, yet it seems likely that it could be exerted by colonizing and blocking attachment sites for the cells. Carriage of the same adhesins by OMVs and cells has been invoked previously as a cause for the negative effect in bacterium–host interactions due to competitive effects (Olofsson et al., 2010). We investigated the functional repertoire of MV proteins to seek evidence for an alternative explanation to the observed negative effect. For instance, cells and MVs could compete for sulfur sites due to the presence of alike sulfur oxidation functions (Figure 8E). Indeed, many proteins involved in RISCs oxidation were present in the MVs, the vast majority of which are known or predicted be located in the OM and periplasmic space. While these findings support the intriguing hypothesis of cell-independent MV-driven RISCs oxidation, no demonstration of this was achieved in the present study. Further research is required to explore such potential of MVs, along with understanding the underlying mechanisms and implications.

Although the dynamics of biofilm formation by ‘F. caldus’ biofilms formation on elemental sulfur has been well characterized (Castro et al., 2015, 2020), the role of membrane vesicles (MVs) in this process represents a novel aspect of the study. In this study, we demonstrated that MVs are a highly abundant component of ‘F. caldus’ biofilm ECMs, which exist as individual entities on the surface of cells and in the intercellular space between cells within biofilms, yet also as chains of MVs (Figure 8F). These chains could eventually represent thin sections of nanotubes or TSMS, whose nature and role have remained mostly untapped. Other Gram-negative bacteria such as Shewanella oneidensis and Myxococcus xanthus form TSMSs through fusion of MVs (Pirbadian et al., 2014; Remis et al., 2014; Wei et al., 2014); meanwhile, cryo-electron microscopy of Vibrio vulnificus cultures have shown that individual MVs are pinched off from TSMSs in a ‘beads-on-a-string’ fashion (Hampton et al., 2017). Although it is not clear whether the primary function of ‘F. caldus’ OM blebbing is to form TSMS, we have observed the formation of TSMS-like derived from MVs extracts on the elemental sulfur surface as well as from apparently fused MVs. Thus, for the first time, this study suggests the membrane nature of the filaments reported in biofilms developed by the acidithiobacilli. This implies that these cell connections are projections of the cell envelope, which may contain proteins that work at the OM and/or at the periplasm. This could favor cell–cell interactions and molecular exchange of acid-labile compounds and molecules under the harsh conditions of the ‘F. caldus’ habitat. The presumed envelope nature of the acidithiobacilli filaments also implies that cells may share key proteins found in MVs, such as those involved in energy obtention and electron transport, resembling nanowires described in Shewanella or Myxococcus spp. (Pirbadian et al., 2014; Remis et al., 2014). In addition, or alternatively, the TSMS could play a structural role in cell–cell interactions during biofilm formation and detachment cycles. Further study is deemed necessary to clarify these aspects.



5 Conclusion

‘F. caldus’ and at least two other Acidithiobacillaceae family members produce MVs under planktonic and substrate-attached growth conditions as confirmed by qualitative data from epifluorescence, transmission and scanning electron microscopy, and quantitative data from nano-tracking analyses. ‘F. caldus’ MVs were mainly classified as outer membrane vesicles (OMVs) based on visualization of their structure and proteomic analyses of purified MVs, yet outer–inner membrane vesicles (OIMVs) were also detected in our preparations. Blebbing seems to be the principal mechanism for synthesis of MVs in this bacterium, probably favored by local differentiation of lipidic microdomains and concurrence of membrane remodeling proteins in such domains. The MVs proved to be structural components of the biofilms formed by ‘F. caldus’ in both sulfur surfaces and tetrathionate semi-solid media plates, where they were abundant at the surface and intercellularly. Some of these MVs appeared to fuse, forming chain-like structures resembling tube-shaped membranous structures observed in other bacteria. Vesiculation of ‘F. caldus’ cells increased with heat stress, indicating that temperature and possibly other physicochemical treatments affecting the cell envelope integrity and/or the fluidity of the membrane, promote MVs production. ‘F. caldus’ cells exposed to amendment of MVs displayed enhanced swarming motility in PTSM plates, where MVs played a role in facilitating the initiation of swarming with respect to control treatments, probably acting as surface-active agents or surfactants. Also, the native MVs produced by ‘F. caldus,’ which proved to have the intrinsic capacity of attachment to sulfur surfaces, reduced early attachment of planktonic cells to sulfur and negatively affected biofilm development on sulfur lentils as revealed by epifluorescence microscopy. The observed interference could be caused by occupancy of MVs of the sulfur sites available for cell attachment, pointing to similar mechanisms of attachment for both entities. This was strongly supported by epifluorescence colocalization experiments, which showed low interaction between OMVs and cells, and by proteomic data, which showed enrichment in ‘F. caldus’ MVs of proteins linked to the synthesis of exopolymers, adhesins (Fap amyloid and T4P), and OM proteins related to the oxidation of RISCs. Altogether, these results indicate that independent of the lifestyle (planktonic versus attached), the production of MVs by ‘F. caldus’ is quantitatively significant and plays relevant roles in both cell–cell and cell–surface interactions, broadening the cell boundaries to the intercellular space and colonizable mineral surfaces that are key to Acidithiobacillia class bacteria ecophysiology.
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Tetrathionate hydrolase (TTH) is a unique enzyme found in acidophilic sulfur-oxidizing microorganisms, such as bacteria and archaea. This enzyme catalyzes the hydrolysis of tetrathionate to thiosulfate, elemental sulfur, and sulfate. It is also involved in dissimilatory sulfur oxidation metabolism, the S4-intermediate pathway. TTHs have been purified and characterized from acidophilic autotrophic sulfur-oxidizing microorganisms. All purified TTHs show an optimum pH in the acidic range, suggesting that they are localized in the periplasmic space or outer membrane. In particular, the gene encoding TTH from Acidithiobacillus ferrooxidans (Af-tth) was identified and recombinantly expressed in Escherichia coli cells. TTH activity could be recovered from the recombinant inclusion bodies by acid refolding treatment for crystallization. The mechanism of tetrathionate hydrolysis was then elucidated by X-ray crystal structure analysis. Af-tth is highly expressed in tetrathionate-grown cells but not in iron-grown cells. These unique structural properties, reaction mechanisms, gene expression, and regulatory mechanisms are discussed in this review.
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1 Introduction

Tetrathionate (S4O62−) is a type of polythionate (SnO62−: n = 3–6) produced by the reaction of hydrogen sulfide with sulfite under acidic conditions, such as sulfur hot springs, acidic soil, and acid mine drainage (Karchmer, 1970; Williamson and Rimstidt, 1993). This compound is also produced by the oxidation of pyrite and other sulfide ores during abiotic and biological processes. Tetrathionate is soluble in water, in contrast to elemental sulfur, and is relatively more stable than thiosulfate at low pH, making it a common reduced inorganic sulfur compound (RISCs) in acidic environments. Therefore, tetrathionate is a suitable growth substrate for acidophilic sulfur-oxidizing microorganisms. Tetrathionate oxidation was first reported in the acidophilic iron- and sulfur-oxidizing bacterium Acidithiobacillus ferrooxidans (formerly Thiobacillus ferrooxidans) in the 1970s (Eccleston and Kelly, 1978).

Investigation of bacterial sulfur oxidation has found two major pathways for RISCs oxidation. In both pathways, thiosulfate is an important intermediate and a growth substrate for sulfur-oxidizing bacteria. The Sox system, one of the best-characterized pathways, has been investigated in the neutrophilic sulfur bacterium Paracoccus pantotrophus (Friedrich et al., 2001). Sox systems and their related genes are widespread among sulfur-oxidizing bacteria, including both photo- and chemoautotrophs (Hensen et al., 2006; Sato et al., 2012). The complete Sox system in P. pantotrophus contains four components: SoxXA, SoxYZ, SoxB, and Sox(CD)2. SoxXA catalyzes the oxidation of thiosulfate to generate a SoxY-cysteine-sulfhydryl group in the SoxYZ complex. SoxY acts as a thiosulfate carrier. SoxB hydrolyses the terminal sulphonate of the SoxYZ complex. Sox(CD)2 oxidizes the terminal sulfane sulfur of SoxY-cysteine persulfide into cysteine-S-sulfate. This system has been previously reviewed and summarized (Friedrich et al., 2005; Ghosh and Dam, 2009). Alternatively, the thiosulfate oxidation pathway (the S4I pathway) involves tetrathionate formation as an intermediate and is mainly observed in acidophilic sulfur-oxidizing bacteria and archaea (Figure 1). Whole-genome analysis indicates that only the S4I pathway is detected in the acidophilic sulfur-oxidizing bacterium A. ferrooxidans (Quatrini et al., 2009), even though both the Sox system and S4I pathway are detected in the genomes of other Acidithiobacillus spp., such as A. caldus (Mangold et al., 2011) and A. thiooxidans (Yin et al., 2014). This suggests that A. ferrooxidans mainly utilizes the S4I pathway for dissimilatory sulfur oxidation. In this pathway, two thiosulfate molecules are oxidized to tetrathionate by thiosulfate: quinone oxidoreductase (TQO) (Müller et al., 2004) or thiosulfate dehydrogenase (TSD) (Kikumoto et al., 2013). The membrane-bound TQO or periplasmic TSD take electrons from the oxidation of thiosulfate to the electron transport chain to produce energy or reducing power for CO2 fixation. Tetrathionate, a product of thiosulfate oxidation, is further metabolized by tetrathionate hydrolase (TTH). This enzyme has a unique primary structure (Buonfiglio et al., 1999) and its activity has only been detected in sulfur-oxidizing microorganisms using the S4I pathway for dissimilatory sulfur oxidation. TTH plays an important role in tetrathionate metabolism, not only in the S4I pathway, but also in the utilization of tetrathionate as a growth substrate. Here, the unique properties of TTHs are discussed to understand microbial sulfur metabolism and sulfur chemistry.

[image: Figure 1]

FIGURE 1
 S4I pathway for tetrathionate and thiosulfate oxidation in A. ferrooxidans. TTH, tetrathionate hydrolase; TSD, thiosulfate dehydrogenase; TQO, thiosulfate:quinone oxidoreductase; Q, QH2, quinone pool; bd, bo3, terminal oxidases; NADH, NADH dehydrogenase complex I; OM, outer membrane; IM, inner membrane;?, electron acceptor;??, enzymatic and/or abiotic reactions.




2 Enzyme purification and identification of TTH genes

It is well established that the acidophilic bacteria genus Thiobacillus can oxidize tetrathionate as an energy source. TTH was first purified and characterized in 1996 as a tetrathionate-decomposing enzyme from A. ferrooxidans Funis 2–1 (Sugio et al., 1996) and A. thiooxidans ON107 (Tano et al., 1996) (formerly Thiobacillus ferrooxidans and Thiobacillus thiooxidans, respectively). Although TTHs have been purified from Acidiphilium acidophilum (de Jong et al., 1997a) (formerly Thiobacillus acidophilus), A. ferrooxidans ATCC19859 (de Jong et al., 1997b), and A. caldus (Bugaytsova and Lindström, 2004), no genetic information on TTHs from sulfur-oxidizing bacteria was reported at that time. All TTHs described above show the maximum activity at a pH range of 2.5–4.0, which suggests that they are localized in the periplasm or on the outer membrane; different diffraction assays identified TTH from A. caldus as a periplasmic protein (Bugaytsova and Lindström, 2004). The properties of the TTHs from various species are summarized in Table 1. Kanao et al. (2007) purified TTH from the A. ferrooxidans type strain ATCC23270 and explored the N-terminal amino acid sequence of the enzyme using a BLAST search, finding that AFE_0029 encodes the N-terminal amino acid sequence. Although heterologous expression of the gene in Escherichia coli resulted in the formation of inclusion bodies in an inactive form, polyclonal antibodies against the recombinant protein clearly recognized the purified native TTH, indicating that the gene was immunologically identified as encoding TTH. Thus, AFE_0029 was named Af-tth (Kanao et al., 2007). The TTH gene from A. ferrooxidans is called tetH in several papers, however, tet is widely used for tetracycline-resistance genes, such as tetK, tetL, tetM, and tetO (Zilhao et al., 1988); to avoid confusion, the TTH gene will be termed Af-tth here. Interestingly, Af-tth has already been registered as a sulfur-regulated outer membrane protein from A. ferrooxidans MSR in the database but the function and physiological role of the gene product has not been elucidated (Buonfiglio et al., 1999). As the deduced amino acid sequence does not show similarity to any other protein in the database, this gene is reported as a novel gene encoding a sulfur-regulated outer membrane protein (Buonfiglio et al., 1999). Although Af-Tth is localized on the outer membrane (peripheral protein), it is detected in the culture medium supernatant, suggesting that Af-Tth acts in the extracellular space to generate hydrophilic sulfur globules (Beard et al., 2011). TTH genes from A. caldus (Ac-tetH) (Rzhepishevska et al., 2007) and the thermoacidophilic archaeon Acidianus ambivalens (Ad-tth1) (Protze et al., 2011) have been experimentally identified based on the amino acid sequences of purified TTHs and whole genome sequencing. The amino acid sequences of Af-tth, Ac-tetH, and Ad-tth1 are similar and encode proteins of the pyrroloquinoline quinone (PQQ)-containing protein family (Pfam family (El-Gebali et al., 2019): PQQ_2). Inactive recombinant Af-Tth can be obtained in inclusion bodies from E. coli host cells and successfully refolded in an active form under acidic conditions without PQQ or other cofactors (Kanao et al., 2010). This provides direct evidence that Af-tth encodes TTH in A. ferrooxidans and that the enzyme does not require any cofactors for the reaction. In contrast to Af-Tth, quinoid compounds have been detected in Ac-TetH (Rzhepishevska et al., 2007). Comparison of Ad-TTH1 with the quinoprotein alcohol dehydrogenase from Pseudomonas putida showed that the heme c domain and conserved PQQ-binding site residues are missing, including disulfide-forming cysteines and calcium-coordinating amino acids (Protze et al., 2011). Both Ad-TTH1 and Af-Tth do not require PQQ cofactor for the reaction. Although Ad-TTH1 activity is detected in the pseudo-periplasmic fraction, TTH is secreted extracellularly to form zipper-like particles in the closely related thermoacidophilic archaeon Acidianus hospitalis (Krupovic et al., 2012). Kanao et al. (2018) identified the TTH gene from the marine acidophilic Acidithiobacillus sp. strain SH (SH-tth) using partial purification and internal peptide sequences of the protein. Although recombinant SH-Tth can be synthesized in inclusion bodies during E. coli heterologous expression, TTH activity is successfully recovered by acidic refolding. Interestingly, SH-Tth is activated in the presence of 1 M NaCl. This indicates that the enzyme is from a marine bacterium.



TABLE 1 Properties of TTHs isolated from various microorganisms.
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3 Expression, regulation, and deficiency of TTH genes

Af-tth expression differs depending on the growth substrate used. Quantitative RT-PCR analysis of total RNA from A. ferrooxidans cells grown on ferrous iron (Fe2+), elemental sulfur (S0), and tetrathionate (S4) showed the Af-tth expression ratios of S0/Fe2+ and S4/Fe2+ are 68 ± 21 and 181 ± 5, respectively (Kanao et al., 2023). This result suggests that gene expression is upregulated in cells grown on elemental sulfur and tetrathionate, but not on ferrous iron. The Ac-tetH expression ratio of S4/S0 is 233.5 ± 134.0 (Rzhepishevska et al., 2007). Ac-tetH from A. caldus is also highly expressed in cells grown on tetrathionate compared to cells grown on elemental sulfur. TTH activity is detected in tetrathionate-grown cells, but not in elemental sulfur-grown cells of Ad. ambivalens. Northern blot hybridization analysis supports the enzyme activity results, which show a much stronger signal of Ad-tth1 in tetrathionate-grown cells and a faint signal in elemental sulfur-grown cells. This suggests that Ad-tth1 transcription is also upregulated depending on the growth substrate, similar to Ac-tetH expression in A. caldus.

The Ac-tetH gene cluster contains two component system-related genes (rsrS and rsrR) and a TQO-coding gene (doxD) (Rzhepishevska et al., 2007). Gene expression is regulated by a two-component system called the RsrS-RsrR system (Wang et al., 2016). The relative transcriptional levels of Ac-tetH in rsrR or rsrS knockout mutants are much lower than those in the wild-type when stimulated with potassium tetrathionate, indicating a positive effect of RsrS-RsrR on the transcriptional regulation of Ac-tetH. However, no rsrS and rerR disruption effects are observed during elemental sulfur growth. Furthermore, Ac-tetH deficient mutant strains cannot grow on tetrathionate (van Zyl et al., 2008). These results suggest that Ac-TetH is the sole enzyme that metabolizes tetrathionate in the S4I pathway and that the Sox system may function in the elemental sulfur-grown cells of this bacterium.

A stoichiometric model of RISCs oxidation has been proposed for A. thiooxidans (Bobadilla Fazzini et al., 2013). According to this model, although tetrathionate is generated by the TQO (DoxDA) reaction from thiosulfate, it is chemically reduced to elemental sulfur and thiosulfate in sulfur-grown cells. Thus, no metabolic flux by way of TTH is expected, and the Sox system mainly functions during elemental sulfur growth. A similar flux is observed, assuming the presence of elemental sulfur in the TTH reaction, even in cells grown on tetrathionate. When TTH without sulfur formation functions in tetrathionate-grown cells, sulfur oxidation occurs mainly via the S4I pathway, and TTH plays a central role in A. thiooxidans.

Two-component transcriptional regulation systems (RegB/RegA) have been previously investigated in A. ferrooxidans (Moinier et al., 2017). According to this study, the −12/24 element and predicted integration host factor (IHF) binding sites are also proposed. IHF is expected to bind to the region upstream of the −12/−24 element and regulate gene expression with a sigma-54 dependent transcriptional response regulator (AFE_0027). Yu et al. (2014) constructed Af-tth knockout and overexpression strains and showed that the Af-tth knockout strain could not grow on tetrathionate medium, suggesting that Af-Tth is the sole enzyme responsible for tetrathionate hydrolysis. However, cell growth of the knockout mutant was observed on elemental sulfur with a slightly lower cell yield than that of the wild-type. Genes related to Sox systems could not be assigned to the whole-genome sequence of A. ferrooxidans. Some sulfur oxidation systems unrelated to the S4I pathway or Sox system should exist in this bacterium. In contrast, the highest and lowest growth yields were observed in the Af-tth overexpression strain on tetrathionate and elemental sulfur, respectively. Thus, Af-Tth influences sulfur metabolism to some extent in A. ferrooxidans.



4 Expression vectors utilizing tth promoters

Zhang et al. (2014) identified the Ac-tetH promoter (PtetH) and constructed an expression vector utilizing PtetH and containing the eGFP gene to confirm the functionality of PtetH. Although recombinant E. coli harboring the expression vector emitted fluorescence regardless of the presence of tetrathionate, eGFP fluorescence was observed following tetrathionate induction in recombinant A. caldus. These results suggest that PtetH is constitutively active in E. coli host cells and is inducible in native host cells. For the Af-tth promoter (Ptth), Kanao et al. (2023) constructed the expression vector pMPJC with exogenous gfp under Ptth control using A. ferrooxidans host cells. Green fluorescence was observed in recombinant A. ferrooxidans grown on tetrathionate, but not in recombinant E. coli distinct from the PtetH expression vector. This suggests that Ptth does not function in E. coli and is suitable for the in vivo amplification of its expression vector, even if it contains genes encoding proteins that are toxic to E. coli host cells.

Heterologous recombinant gene expression using E. coli is a valid and profitable strategy to investigate the gene products of A. ferrooxidans; functional recombinant gene products can provide direct evidence of gene function. However, owing to differential growth conditions, particularly pH, it is frequently impossible to obtain a recombinant protein in its functional form. Recombinant Af-Tth is synthesized in inclusion bodies in an inactive form in E. coli cells. Kanao et al. (2023) examined homologous expression of Af-tth modifying His-tag codon using the endogenous promoter Ptth in A. ferrooxidans. The His-tag-modified Af-Tth was successfully obtained from native cells in its active form. The recombinant enzyme was easily purified by metal cation affinity column chromatography and the specific activity (2.2 ± 0.37 U·mg−1) was equivalent to the refolded Af-Tth (2.5 ± 0.18 U·mg−1).



5 Catalytic reaction of TTHs

A catalytic reaction for TTH has been proposed in experiments with intact A. ferrooxidans cells (Steudel et al., 1987; Hazeu et al., 1988). The first suggested reaction is:

[image: image]

This tetrathionate hydrolysis reaction has been proposed for an enzyme purified from A. ferrooxidans (Beard et al., 2011). One molecule of tetrathionate is hydrolyzed by Af-Tth to generate disulfane monosulfonic acid (DSMSA) and sulfuric acid (sulfate). DSMSA is a key intermediate in the biological oxidation of pyrite (Schippers et al., 1996). As DSMSA is highly reactive, several abiotic reactions may occur spontaneously. For example, four DSMSA molecules can elongate to form elemental sulfur (S8) and sulfurous acid (sulfite). Consequently, polythionates, S8, and sulfites are the final products (Pronk et al., 1990; Wentzien et al., 1994). The second reaction (Meulenberg et al., 1992) suggests that one tetrathionate molecule is hydrolyzed to thiosulfate, sulfur, and sulfate in equimolar amounts by TTH according to the following equation:

[image: image]

Reaction estimations using purified enzymes of A. thiooxidans (Tano et al., 1996) and the A. ferrooxidans strain Funis 2–1 (Sugio et al., 1996) are:

[image: image]

However, this equation is based on the ratio of tetrathionate consumption to thiosulfate production. Although the reaction mixture is turbid owing to the generation of elemental sulfur globules, elemental sulfur does not take into account the TTH enzymatic reaction product but was considered a secondary abiotic reaction product. HPLC analysis of Ac-TetH reaction products by Bugaytsova and Lindström (2004) demonstrated the presence of thiosulfate and pentathionate, suggesting the reaction:
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Concerning the Af-Tth reaction, Kanao et al. (2007) detected the turbidity of the reaction mixture by elemental sulfur production, and the same level of thiosulfate production accompanying tetrathionate consumption was detected using the ion-pair HPLC method. Except for thiosulfate, no other polythionate peaks, such as tri-, penta-, or hexathionate peaks, were detected in the reaction mixture after the complete consumption of tetrathionate. This result suggests that the overall Af-Tth reaction is the same as Reaction (2). Because sulfur atoms (S0) are unstable, Reaction (2) should be repeated eight times to produce S8 as a stable end product, according to the following equation:
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Determining the specific reaction of the enzyme is difficult because tetrathionate hydrolysis in Acidithiobacillus generates multiple products with chemical interactions between thiosulfate, sulfane sulfur chemicals, polythionate, sulfate, and possibly S8 at high sulfate concentrations and low pH. In addition, Af-Tth exhibits a unique primary structure, and the catalytic reaction is unprecedented. Therefore, the precise whole reaction and reaction mechanism of TTH remain unknown.

Cysteine residues in the catalytic center play important roles in many other enzymes involved in dissimilatory sulfur oxidation, including sulfide:quinone oxidoreductase (Cherney et al., 2010), sulfur oxygenase reductase (Veith et al., 2011), and thiosulfate dehydrogenase (Brito et al., 2015). Although cysteine residues are normally conserved in each enzyme among different sulfur-oxidizing microorganisms, only one cysteine residue (Cys301) can be detected in the primary structure of Af-Tth and is not conserved among TTHs from Acidithiobacillus spp. (Kanao et al., 2014). Moreover, the site-specific variant (Af-Tth C301A) exhibits similar activity and dimeric formation. These results suggest that the sole cysteine residue (Cys301) in Af-Tth is not involved in the tetrathionate hydrolysis reaction or subunit assembly, indicating a novel cysteine-independent reaction mechanism for this enzyme.



6 Reaction mechanism of tetrathionate hydrolysis

Recombinant Af-Tth crystals (hexagonal cylinder with dimensions of 0.2 mm × 0.05 mm × 0.05 mm) have been successfully obtained (Kanao et al., 2013) and the X-ray crystallographic results reported (Kanao et al., 2021). Af-Tth is a homodimer and its monomer structure exhibits an eight-bladed beta-propeller motif, as determined by X-ray crystallography at 1.95 Å resolution. Two insertion loops participate in dimerization, and one loop forms a cavity with the beta-propeller region (Figure 2). Analysis of the substrate-soaked structure of Af-Tth has shown the electron density of the polymerized sulfur atoms derived from the tetrathionate molecules and the catalytic center of the enzyme. The sole cysteine residue (Cys301) is located >25 Å from the active site. Asp325 of Af-Tth located within 4 Å of the electron density is conserved among TTHs from Acdithiobacillus spp. and Ad-TTH1 from Ad. ambivalens. TTH activity is completely abolished in a site-specific Af-Tth D325N variant, suggesting that Asp325 plays a crucial role in the first tetrathionate hydrolysis step. Considering that the Af-Tth reaction occurs only under acidic pH conditions, Asp325 acts as an acid for the tetrathionate hydrolysis reaction (Figure 3). If Asp325 acted as an acid, the Sα atom of the tetrathionate molecule could be protonated by Asp325. Owing to the protonated Sα atom, the terminal sulfur atom of the tetrathionate molecule is easily hit by the nucleophilic attack of a water molecule. The sulfur–sulfur bond between the terminal sulfur atom and protonated Sα atoms is broken in an SN2 reaction, thereby generating sulfate and DSMSA. This is consistent with the Reaction (1). The next step in the Af-Tth catalytic reaction is proton abstraction from DSMSA, followed by the release of a sulfur (S0) atom:
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FIGURE 2
 Overall structure of recombinant Af-Tth. (A) Monomer and (B) dimer structures. For each monomer of chains B and D in the dimer, beta-strands are colored yellow and magenta, alpha- and 310 helices are red and cyan, and loops are green and wheat, respectively. The monomer in (A) is the view from the right side of (B). The monomer structure exhibits an eight-bladed (I-VIII) beta-propeller motif. L1 and L2 are the insertion loops of the eight-bladed beta-propeller motif.


[image: Figure 3]

FIGURE 3
 Proposed catalytic mechanism of tetrathionate hydrolysis by Af-Tth. The amino acid residue, Asp325, works as a general acid under neutral or acidic conditions. DSMSA, disulfane monosulfonic acid.


Reaction (2) is obtained by combining Reaction (1) and (A). Moreover, the Af-Tth reaction is multistep. The released sulfur (S0) atoms oligomerize and finally cyclize as S8. However, the underlying mechanisms remain unknown. Further studies are required to elucidate the complete reaction mechanism of this unique enzyme.



7 Discussion

To date, various enzymes related to RISC oxidation metabolism have been investigated, but most are oxidoreductases, such as SoxXA, Sox(CD)2, TQO, TSD, sulfide:quinone oxidoreductase, sulfur dioxygenase, and sulfur oxygenase reductase, and a few hydrolases (only TTH and SoxB (Sauvé et al., 2009)). TTH, which catalyzes tetrathionate hydrolysis, is a unique enzyme that cooperates with TQO and/or TSD to function in the S4I pathway for RISC oxidation, particularly of thiosulfate (Figure 1). The S4I pathway is widely distributed in alpha-, beta-, and gamma-proteobacteria, in particular acidophilic and neutrophilic sulfur-oxidizing bacteria, including the genera Acidiphilium, Tetrathiobacter, Acidithiobacillus, and Thermithiobacillus and thermoacidophilic archaea belonging to Sulfolobaceae including the genus Acidianus. However, TTHs have only been purified and characterized from acidophilic autotrophic sulfur-oxidizing microorganisms (Wang et al., 2018). All purified TTHs show an optimum pH in the acidic range, suggesting that they are localized in the periplasmic space or outer membrane (Table 1). TTH catalyzes a unique cysteine-independent reaction. Elucidating the detailed reaction mechanism of how the enzyme cleaves the sulfur–sulfur bond in the DSMSA molecule is of interest from the viewpoint of both inorganic sulfur chemistry and enzymology. It is expected that detailed X-ray crystallographic analyses of both site-specific variants and wild-type enzymes will clarify the complete reaction mechanism of TTH.

TTH gene expression is regulated and enhanced by a two-component system in cells grown on tetrathionate in Acidithiobacillus spp. and Ad-tth1 expression is also regulated at the transcriptional level depending on the growth substrate. Although no homologous genes related to the Sox system were detected in the whole-genome sequence of A. ferrooxidans, Af-tth knockout variants showed good growth on elemental sulfur. This suggests that other RISC oxidation pathways may be distinct from the Sox and S4I pathways. For instance, TTH independent tetrathionate metabolism for thiosulfate oxidation was recently reported in the newly isolated bacterium, Erythrobacter flavus (Zhang et al., 2020). In addition, although the strain closely related to Acidicaldus sp. DX-1 can grow on tetrathionate overlay medium (Johnson et al., 2006), no candidate genes with significant similarity to tth and Sox relevant genes were found in the draft genome of the strain DX-1 (Liu et al., 2006). Investigation of microbial sulfur oxidation, especially in acidophilic sulfur-oxidizer, is essential and important not only for their applications but also for understanding the sulfur cycle in the environment.
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The demand for lithium-ion batteries (LIBs) has dramatically increased in recent years due to their application in various electronic devices and electric vehicles (EVs). Great amount of LIB waste is generated, most of which ends up in landfills. LIB wastes contain substantial amounts of critical metals (such as Li, Co, Ni, Mn, and Cu) and can therefore serve as valuable secondary sources of these metals. Metal recovery from the black mass (shredded spent LIBs) can be achieved via bioleaching, a microbiology-based technology that is considered to be environmentally friendly, due to its lower costs and energy consumption compared to conventional pyrometallurgy or hydrometallurgy. However, the growth and metabolism of bioleaching microorganisms can be inhibited by dissolved metals. In this study, the indigenous acidophilic chemolithotrophs in a sediment from a highly acidic and metal-contaminated mine pit lake were enriched in a selective medium containing iron, sulfur, or both electron donors. The enriched culture with the highest growth and oxidation rate and the lowest microbial diversity (dominated by Acidithiobacillus and Alicyclobacillus spp. utilizing both electron donors) was then gradually adapted to increasing concentrations of Li+, Co2+, Ni2+, Mn2+, and Cu2+. Finally, up to 100% recovery rates of Li, Co, Ni, Mn, and Al were achieved via two-step bioleaching using the adapted culture, resulting in more effective metal extraction compared to bioleaching with a non-adapted culture and abiotic control.
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 acidic mine pit lake; bacterial adaptation; bioleaching; black mass; lithium-ion batteries; metal recovery; microbial enrichment


1 Introduction

Due to their high energy density and longevity, lithium-ion batteries (LIBs) dominate the battery market, with their use ranging from portable electronic devices to electric vehicles (EV). LIBs contain an anode (alloys, carbon, silicon, and transition metal oxides), lithium metal oxide cathode, and liquid electrolyte. The most common types of LIB cathode materials include Lithium Cobalt Oxide (LCO), Lithium Nickel Manganese Cobalt Oxide (NMC), and Lithium Iron Phosphate (LFP) (Boyden et al., 2016). The current increasing demand for LIBs has been greatly influenced by the ongoing transition from combustion engine vehicles to EVs. This is a result of primarily developed countries (the USA, Japan, and the EU) taking new initiatives to reduce carbon emissions and move towards green energy (Kim et al., 2012). It is predicted that by 2050, 50% of the global vehicle production will be EVs (Sonoc and Jeswiet, 2014). Around 200,000 tons of waste has been estimated to be generated in 2020 from LIB cathodes alone (Ali et al., 2021), and the rising LIB production and use will result in increasing amounts of waste generated. Most of the spent LIBs will end up in landfills where the present metals (as well as other components) pose a severe environmental threat; the hazardous substances have the potential to contaminate soil and groundwater and could be harmful to human health (Bankole et al., 2013).

Since spent LIBs contain high concentrations of critical metals such as Co, Ni, Mn, and Li, they can be used as an important secondary source for these metals. According to the EU Battery Regulation, 65 and 70% of Li-based batteries should be recycled in 2025 and 2030, respectively, with recycling rates of 35 and 70% for Li in 2023 and 2030, respectively, and 90 and 95% for Co, Ni and Cu in 2025 and 2030, respectively (Regulation (EU), 2023). There is tremendous financial revenue in LIB recycling, as the current value is estimated to be $860 per ton for LiMnO4-based batteries and approximately $8,900 per ton for LiCoO2-based cathodes (Wang et al., 2014). As natural resources used in LIBs are limited and the production is concentrated only in a few countries (e.g., China), risks of disruption of the supply of critical raw materials for LIBs are significant (Sun et al., 2019). Therefore, recycling spent LIBs could help mitigate the negative environmental impacts, minimize waste production, and lower the mining of primary mineral resources (Bankole et al., 2013). Current recycling processes are mainly based on pyrometallurgical, mechanical, and hydrometallurgical methods, which have many disadvantages including the production of large amounts of hazardous wastes (Boyden et al., 2016). To recover metals from spent LIB cathode materials, mainly strong inorganic acids, such as HCl, H2SO4, and HNO3 are used. This approach provides high metal recovery rates, but harsh chemicals have a negative environmental impact and produce hazardous wastes (Mossali et al., 2020). Recently, research on the application of bioprocesses in metal recycling has become an emerging topic. Organic acids such as citric, malic, and aspartic acids have proven to be suitable leaching agents. Almost 100% of Li and Co was recovered from LIBs using organic acids in the presence of H2O2 (Li et al., 2013a).

Bioleaching, a process in which metals are solubilized using microorganisms, could be a “green” alternative technology for recovering critical metals from spent LIBs. Bioleaching is cost-efficient and provides several advantages over conventional recycling methods, including a lower production of hazardous wastes and lower energy consumption (Hansford and Vargas, 2001). Most bioleaching microorganisms are acidophilic, thriving at low pH, and chemolithotrophic, utilizing inorganic compounds as electron donors, such as Fe2+ and reduced inorganic sulfur compounds (RISCs). The microorganisms can be heterotrophic, metabolizing organic substrates such as glucose, autotrophic, fixating CO2, or mixotrophic, using both organics and CO2. Among the most prominent bacterial genera are Acidithiobacillus (A.), Sulfobacillus, Leptospirillum (L.), and many others, while Ferroplasma, Acidiplasma, and Sulfolobus belong to archaea. Bioleaching is primarily used to extract metals from low-grade sulfidic ores in which the Fe2+- and RISC-oxidizing microbes solubilize metals via the production of Fe3+ and H2SO4, respectively (Sajjad et al., 2019). Bioleaching has also been shown to be feasible for recycling of e-waste, such as printed circuit boards (PCBs), and other waste streams, such as metal-bearing ashes and slags. For example, 96% Cu, 73% Ni, and 93% Co were recovered from PCBs using L. ferriphilum and Sulfolobus benefaciens in a bioreactor (Hubau et al., 2020). Another study investigated the bioleaching of ashes and slags from incineration residues, reaching 100% leaching efficiency of Zn, Cu, and Mn using Fe2+- and RISC-oxidizing bacteria (Kremser et al., 2021). Similarly, metals from LIB waste can also be recovered using bioleaching, and the topic has been extensively researched in recent years. Roy et al. (2021a) reported recovery of 90% Ni, 82% Co, and 92% Mn from spent NMC-based LIBs using A. ferrooxidans. Cultures enriched from soil and mud samples in the lava tour area and tannery wastewater dissolved 62.8% of Li from LIBs in 15 days (Hartono et al., 2017). Up to 94% of Co and 60% of Li were recovered in 72 h, using A. ferrooxidans in three cycles with 10% (w/v) pulp density (Roy et al., 2021b). Another study reported 96% Co and Ni recovery from LIBs in EVs using a mixed culture of A. thiooxidans and L. ferriphilum (Xin et al., 2016).

Although most acidophiles show increased tolerance to dissolved metals, LIB wastes contain very high metal content, which, combined with the acid-consuming character of the materials, can inhibit the growth of acidophiles (Roy et al., 2021c). The microbes are often adapted to high metal concentrations before LIB bioleaching, especially in contact bioleaching approaches, to improve their metal resistance and leaching performance. Contact bioleaching involves the cultivation of the microbes in the presence of the LIB waste with simultaneous metal release. In contrast, a biogenic lixiviant is produced during non-contact bioleaching (Ilyas et al., 2007; Bajestani et al., 2014; Bahaloo-Horeh et al., 2018; Vera et al., 2022). In a study by Mishra et al. (2008), 65% of Co was leached from LIBs using adapted A. ferrooxidans. Mesophilic and thermophilic acidophiles are often found in extreme environments such as acid mine drainage or hot springs. These environments feature low pH (<3) and moderate to high temperatures, together with elevated dissolved metal concentrations (Dopson et al., 2004; Salo-Zieman et al., 2006). Mixed cultures enriched from such environments often show higher bioleaching efficiency than pure cultures (Xiang et al., 2010; Retnaningrum et al., 2021). However, there is limited information about applying cultures enriched from environmental samples in LIB bioleaching, as most studies used pure cultures or constructed consortia. In addition, reports on bioleaching of spent LIBs are generally limited to low pulp densities due to the toxicity of dissolved metals and the alkaline nature of LIBs (Alipanah et al., 2023).

This study aims to investigate the recovery of valuable metals (Li, Co, Ni, Cu, and Mn) from the black mass (BM) derived from spent LIBs using two-step bioleaching with microbial enrichment from the sediment of an acidic mine pit lake. Prior to BM bioleaching, the enriched culture was adapted to elevated metal concentrations using a gradual adaptation, and its leaching efficiency was compared to those of a non-adapted and abiotic control.



2 Materials and methods


2.1 Spent batteries

A partner company provided pre-treated BM from spent NMC-based LIBs. The pre-treatment process involved discharging, dismantling, thermal treatment, crushing, and sorting. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the elemental composition of the BM (Table 1), after acid digestion of the BM using aqua regia (according to ÖNORM EN 13657:2002-12). The particle size of the BM sample was determined according to ISO 13320-1, using a HELOS (Sympatec GmbH, Germany) particle size distribution measurement device, resulting in d10 = 4.4 μm, d50 = 17.2 μm, and d90 = 55.0 μm.



TABLE 1 Metal contents in the black mass from spent LIBs of an NMC type.
[image: Table1]



2.2 Sample collection and culture media

A sediment sample was collected (in sterile 100 mL tubes) in early November 2021 a few centimeters below the water surface in a shallow part of extremely acidic (pH ~ 2.6), metal-rich Lake Hromnice in the Czech Republic (49°51′02.5″N, 13°26′39.3″E) (Hrdinka et al., 2013). The indigenous acidophiles were enriched using a selective liquid medium for isolating acidophiles containing basal salts and trace elements, as described previously (Ňancucheo et al., 2016). Three types of selective media were prepared: (i) 50 mM FeSO4·7H2O for culturing Fe2+ oxidizers at pH 1.7 (Fe medium), (ii) 1% (w/v) elemental sulfur (S0) for culturing RISC oxidizers at pH 3.5 (S medium), and (iii) 50 mM FeSO4·7H2O and 1% (w/v) S0 for culturing Fe2+ and RISC oxidizers at pH 2.0 (FeS medium). The media were sterilized using 0.2 μm Nalgene™ Rapid-Flow™ filters (Thermo Fisher Scientific, United States).



2.3 Selective microbial enrichments

Acidophilic chemolithoautotrophs were enriched in Erlenmeyer flasks (100 mL working volume) containing 5 g lake sediment and Fe, S, or FeS medium. The enrichment in Fe medium was carried out for 14 days, and those in S and FeS media for 21 days at 30°C and agitation (150 rpm). After the incubation, the enriched cultures (10 mL) were inoculated into fresh media and further cultivated. The sediment and residual S0 were removed from the remaining 90 mL of the enriched cultures by centrifugation at 1500 g for 1 min, followed by harvesting the cells at 3428 g for 15 min. The cell pellets were stored at −80°C until DNA isolation.

During the enrichment process, 1 mL sample was withdrawn from each flask (daily during week one and alternate days from week two onwards). Each time, 1 mL of fresh medium was added to compensate for the volume loss. Samples were centrifuged at 1500 g for 1 min before the measurement of the optical density at 660 nm (OD660), followed by the determinations of pH, oxidation–reduction potential (ORP), SO42−, and Fe/Fe2+ concentrations (prior to the two latter measurements, the samples were filtered through a 0.20 μm filter membrane).



2.4 Adaptation of acidophiles to elevated metal concentrations

The culture enriched in FeS medium was gradually adapted to increasing concentrations of Li+, Co+2, Ni+2, Mn+2, and Cu2+. Single-metal stock solutions (1 M) were prepared in ultra-pure water using LiCl, CoCl2, NiCl2, MnSO4, or CuSO4·5H2O. The adaptation of acidophiles was done in three subsequent stages in FeS medium containing increasing metal concentrations, corresponding to metal contents of 2.5, 5, and 10 g/L of NMC-based BM (Table 2). The adaptation was performed in Erlenmeyer flasks (100 mL working volume) at 30°C and under agitation (150 rpm). After 14 days, 10 mL of the culture was used as inoculum in the next adaptive stage. The ORP, pH, OD660, SO42−, and Fe/Fe2+ values were measured as described in Section 2.6. The adapted culture was then used for two-step bioleaching of BM.



TABLE 2 Summary of the process used to adapt the microbial consortium to BM.
[image: Table2]



2.5 Two-step bioleaching

In the first step, 10% (v/v) of the adapted and non-adapted cultures were pre-cultivated in a fresh FeS medium (50 mL working volume, pH = 2.0) for 7 days. In the second step, 1% BM (w/v) was added, and bioleaching of metals was performed for another 7 days at 30°C and 150 rpm. In addition, an abiotic control was run in parallel by mixing 1% (w/v) of the BM with 50 mL of sterile FeS medium. Samples were taken before the addition of BM (day zero) and on days 2, 5, and 7 of metal bioleaching. The ORP, pH, OD, SO42−, and Fe/Fe2+ values were monitored as described in Section 2.6. At the end of the experiment, cells and solid particles were removed by centrifugation at 3428 g for 15 min. Furthermore, the supernatant was filtered through a nylon filter of 0.45 μm pore size. The metal concentrations were determined in the filtrates by inductively coupled plasma optical emission spectroscopy (ICP-OES); see below. The dissolved metal concentrations in samples from day zero were subtracted from those determined in samples collected on days onwards. The solid residues were dried at 60°C for 48 h, ground, and analyzed using energy dispersive X-ray spectroscopy (EDS).



2.6 Analytical methods

All cultivations were performed in a Multitron Pro shaker (Infors HT, Switzerland). A pH electrode LE422 (Mettler Toledo, Switzerland) and ORP electrode InLab Redox (vs. Ag/AgCl; Mettler Toledo, Switzerland) connected to an S22O pH/ion meter (Mettler Toledo, Switzerland) were used to determine pH and ORP, respectively. A DR3900 spectrophotometer (Hach Lange, Austria) was used for OD660 measurement.

Fe2+/Fe concentrations were measured at 562 nm using 96-well plates and an Infinite 200 Pro M Plex Microplate Reader (Tecan, Switzerland). Fe2+ concentration was determined in 228 μL ferrozine solution mixed with 12 μL sample, and total Fe concentration was measured after a 20 min incubation with 45 μL of HONH2-HCl and 15 μL of NH4CH3CO2 added to the wells. Seven-point calibration was done over a 0–1 mM FeSO4·7H2O concentration range.

The SO42− concentration was measured using Dionex ICS-900 ion chromatography (Thermo Fisher Scientific, United States). A mixture of 8 mM Na2CO3 and 1 mM NaHCO3 was used as the eluent, and 60 mM H2SO4 was used as the regeneration solution. Before analysis, liquid samples were diluted using the eluent and filtered through a 0.2 μm filter into 0.5 mL vials. Nine-point calibration was done over a 1–300 g/L of SO42− (in the form of Na2SO4) concentration range.

Metal concentrations in leachate samples were determined using 5,110 ICP-OES with an ICP Expert Autosampler (Agilent, United States). 0.5 mL filtered sample through a 0.2 μm filter was mixed with 200 μL 69% (v/v) HNO3 and incubated at 60°C for 24 h. After cooling to room temperature (RT), the samples were treated in a Sonorex RK 100H ultrasonic bath (Bandelin, Germany) at 60°C for 30 min. After sonification and cooling to RT, the samples were topped up to 10 mL using ultrapure water (resulting in a 20-fold dilution). The concentrations of selected metals (Li, Co, Ni, Mn, Al, and Fe) were measured at eight wavelengths each, and two wavelengths specific for Ar and one wavelength specific for C were used as internal standards. Multi-metal standard solutions (0.5, 1, 2.5, and 5 ppm) were used for calibration, and 2% HNO3 was used as blank. A t-test (p < 0.05) was performed to assess the differences between leaching efficiency in the adapted culture, non-adapted culture, and control (abiotic) experiments. The metal content in solid residues was examined at the end of the leaching experiments using a TM 3030 scanning electron microscope (SEM) with an EDS detector (Hitachi, Japan).

The recovery rate of each metal was calculated using the following formula:

[image: image]

where C are metal concentrations in leachate (CL), in assay before BM addition (C0), and in BM (CBM).



2.7 DNA isolation and 16S rRNA amplicon sequencing

Total genomic DNA was extracted using the DNeasy UltraClean Microbial Kit (Qiagen, Netherlands), according to the manufacturer’s instructions. The hypervariable region V4 was amplified with unique barcoded oligonucleotides 515F and 806R, as described previously (Spiess et al., 2021). PCR amplification was performed using Platinum II Taq Hot-Start DNA Polymerase (Thermo Fisher Scientific, United States), as follows: initial DNA denaturation step at 94°C for 3 min, 35 cycles of DNA denaturation at 94°C for 45 s, annealing at 52°C for 60 s with a 50% thermal ramp, and extension at 72°C for 90 s, and a final extension step at 72°C for 10 min. The PCR products were purified using AMPure XP beads (Beckman Coulter, United States) following the manufacturer’s instructions. The Qubit 4.0 fluorometer (Thermo Fisher Scientific, United States) and FragmentAnalyzer (Advanced Analytical Technologies, United States) were then used to determine the library quantity and quality. The library was sequenced using a MiniSeq System (Illumina, United States) with a MiniSeq Mid Output Kit (300 cycles). The raw fastq reads were processed in R software (4.3.1) using the open-source package DADA2 (1.28.0) as described previously (Spiess et al., 2022). A summary of all amplicon sequence variants (ASVs) is shown in Supplementary Table S1. The dataset generated and analyzed in this work is available in the NCBI Sequence Read Archive under BioProject ID: PRJNA1045576.




3 Results and discussion


3.1 16S analysis of enriched cultures from an acidic mine pit lake

The highest microbial diversity was observed in the enriched culture in Fe medium (Figure 1A), with the dominant genera being Acidithiobacillus (38%), out of which A. thiooxidans and A. ferrooxidans accounted for 33 and 5%, respectively, and Leptospirillum (32%), out of which L. ferrooxidans accounted for the majority. In addition, other genera such as Ferrithrix (8%), Sulfobacillus (8%), and Acidiphilium (4%) were identified with lower relative abundance (Figure 1B). The enriched culture in S medium was found to be dominated by A. thiooxidans (66%) and Alicyclobacillus (15%), with the majority of the latter being Alicyclobacillus (Acb.) disulfidooxidans. In addition, Acinetobacter (4%), Chryseobacterium (2%), and Staphylococcus (2%) were identified (Figure 1B). The lowest microbial diversity was observed in the enriched culture in FeS medium (Figure 1A), which was highly dominated by A. thiooxidans (95%), followed by Alicyclobacillus (3%), with Acb. disulfidooxidans constituting the majority of the genus abundance (Figure 1B). Mainly, acidophilic Fe2+- and RISC-oxidizing chemoautolithotrophs were detected in the enriched cultures, which was consistent with the selective media being of low pH and containing only inorganic electron donors and no organic C source. The extreme acidophile A. thiooxidans can utilize RISCs such as S0, thiosulfate, and tetrathionate as sole electron donors but cannot oxidize Fe2+. L. ferrooxidans can utilize only Fe2+ as an electron donor (Hippe, 2000). On the other hand, A. ferrooxidans and Acb. disulfidooxidans (formerly Sb. thermotolerans) can oxidize both RISCs and Fe2+ (Kelly and Wood, 2000; Karavaiko et al., 2005).

[image: Figure 1]

FIGURE 1
 Microbial enrichment of acidic mine pit lake sediment in a selective medium for isolating acidophiles supplemented with Fe2+ (red circle; Fe), S0 (blue circle; S), and both electron donors (green circle; FeS). Amplicon sequence variants richness (A) and relative abundance (B) of the ten most abundant genera. Detailed information is given in Supplementary Table S2.


The cell growth was most pronounced in the FeS medium (Figure 2A), while pH decreased drastically after day 7 in both S and FeS media, resulting in final pH values of 0.47 and 0.33, respectively (Figure 2B). Correspondingly, the SO42− concentration increased in S and FeS media after day 7 (Figure 2C). The above substantial decrease in pH and increase in SO42 resulted from S0 oxidation catalyzed by RISC oxidizers such as A. thiooxidans and Acb. disulfidooxidans (Dopson and Johnson, 2012). A. thiooxidans and Acb. disulfidooxidans have both been detected in industrial bioleaching heaps processing copper sulfides, with a stable abundance of A. thiooxidans throughout different phases of the leaching process (Remonsellez et al., 2009). Thus, these enrichments provided promising species for the following adaptive stages prior to bioleaching. The Fe2+ was fully oxidized after day 10 in Fe and FeS media (Figure 2D), which resulted in ORP exceeding +600 mV (Figure 2E), in agreement with Hansford and Vargas (2001). A. ferrooxidans and L. ferrooxidans were mainly responsible for Fe2+ oxidation in Fe medium, while Acb. disulfidooxidans oxidized Fe2+ in FeS medium. As previously reported (Ishigaki et al., 2005), the metal recovery rate in fly ash bioleaching can be significantly improved by using mixed cultures of Fe2+ and RISC oxidizers as opposed to pure cultures. Similarly, the recovery rates of Zn, Co, Cu, and Mn from incineration residues increased from 50% achieved with pure cultures to nearly 100% when a mixed culture of RISC and Fe2+ oxidizers was used (Kremser et al., 2021). The Fe present in the sediment was partly solubilized after day 10 in FeS medium which is depicted by the total Fe concentration increasing above 50 mM (Figure 2F). In the present study, the enriched culture in FeS medium exhibited the highest growth and oxidation rates among the three enrichments tested and was thus chosen for further metal adaptation and two-step BM bioleaching. Moreover, this culture showed the lowest microbial diversity, thereby providing species stability during the successive processes.
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FIGURE 2
 Time course of OD660 (A), pH (B), SO42− concentration (C), Fe2+ concentration (D), ORP (E), and total Fe concentration (F) during the microbial enrichment in a selective medium for isolating acidophiles supplemented with S0 (grey circle), Fe2+ (gold square), and both electron donors (blue triangle). Standard deviations (n = 3) are indicated with vertical bars and, if not shown, are smaller than the size of the symbol.




3.2 Adaptation to elevated metal concentrations

Contact bioleaching of LIBs can be challenging due to the potential inhibition of acidophiles caused by the acid-consuming nature of LIBs and high dissolved metal concentrations (Roy et al., 2021b). Mixed cultures of Fe2+ and RISC oxidizers have been shown to be more resilient than pure cultures (Qiu et al., 2005; Akcil et al., 2007). The metal tolerance of the enriched culture in FeS medium was improved via three subsequent adaptive stages (Figure 3). As shown in Figure 3A, increasing metal concentrations did not hamper the cell growth. On the contrary, the OD660 values were higher during all three adaptative stages (until day 12) than those in the non-adapted cultures. The decrease in pH (Figure 3B) and increase in SO42− concentration (Figure 3C) confirmed the activity of RISC-oxidizing microorganisms during the adaptive stages. After 2 weeks, all cultures oxidized Fe2+ to Fe3+, but the culture in the first adaptive stage completely oxidized Fe2+ after 1 week, while the elevated metal concentrations in the second and third adaptive stages reduced the Fe2+ oxidation rate compared to the first stage but not to the non-adapted culture (Figure 3D). A similar trend was also observed in the ORP values (Figure 3E).

[image: Figure 3]

FIGURE 3
 Time course of OD660 (A), pH (B), SO42− concentration (C), Fe2+ concentration (D), ORP (E), and total Fe concentration (F) in non-adapted (red square) and adapted enriched culture in the FeS medium during the first (light blue circle), second (blue triangle), and third (dark blue diamond) adaptive stage to elevated concentrations of Li+, Co2+, Ni2+, Mn2+, and Cu2+. Standard deviations (n = 3) are indicated with vertical bars and, if not shown, are smaller than the size of the symbol.




3.3 Two-step bioleaching of LIBs

It has been previously shown that contact bioleaching of high loads of LIBs can lower metal recovery rates (Niu et al., 2014). Therefore, two-step bioleaching of metals from 1% (w/v) pulp density BM was investigated in the present study, using the non-adapted and adapted enriched cultures in FeS media described above (Figure 3). As shown in Figure 4A, the adapted cultures showed higher OD660 values than those of the non-adapted cultures, indicating a positive effect of the adaptation on the cell growth. In most studies investigating bioleaching of LIBs, pH adjustments were required due to the acid consumption by the alkaline source material. Heydarian et al. (2018) reported that adapted mixed cultures did not grow above 4% (w/v) pulp density until the pH was lowered. However, pH remained below 1.5 in both non-adapted and adapted cultures throughout the whole leaching experiment in this study (Figure 4B), which enhanced the metal release and prevented potential Fe precipitation [Fe3+ typically precipitates at pH > 2 (Nurmi et al., 2010)]. The pH in the abiotic control increased to pH > 3 after 2 days (Figure 4B), which was attributed to the alkaline nature of BM (Wood et al., 2020). A gradual adaptation (from 1 to 5% chalcopyrite) improved the resistance of A. ferrooxidans to Cu during bioleaching of the mineral, resulting in a shorter lag phase in an adapted culture compared to that in a non-adapted one (Xia et al., 2008). In this study, the adapted cultures reached higher OD660 values (Figure 4A) and SO42− concentration (Figure 4C) compared to the non-adapted cultures, indicating that the adaptation to elevated metal concentrations improved the growth and oxidation rates during BM bioleaching. Almost all Fe2+ was oxidized to Fe3+ at the end of pre-cultivation (day 0), and this was partially reduced back to Fe2+ during the BM bioleaching phase on days 2–7 in biotic experiments (Figure 4D). The ORP was around +400 mV in both non-adapted and adapted cultures (Figure 4E), correlating with Fe speciation (Figures 4D,F). In addition, the pH increase resulted in precipitation of Fe, indicated by the decrease in total Fe concentration in solution (Figure 4F). In contrast, no Fe precipitation occurred when bacterial cultures were used; the bacteria maintained a low pH of around 1 and total Fe around 50 mM, further supporting Fe2+/Fe3+ cycling.
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FIGURE 4
 Time course of OD
660
 (A), pH (B), SO42− concentration (C), Fe2+concentration (D), ORP (E), and total Fe concentration (F) during second step of direct bioleaching of 1% (w/v) pulp density BM using non-adapted (blue circle) and adapted (gold triangle) enriched cultures in FeS medium, and control abiotic FeS medium (red square). Day 0 indicates the end of the 7 days pre-cultivation of the leaching cultures and the addition of BM. Standard deviations (n = 3) are indicated with vertical bars and, if not shown, are smaller than the size of the symbol.


Metal analysis of leachates collected on days 2, 5, and 7 from the (bio)leaching experiments showed that the maximum concentrations of dissolved Li, Co, Ni, Mn, and Al were obtained on day two and did not increase further (Figure 5). During these 2 days, all Fe3+ was reduced in non-adapted and adapted cultures (Figure 4D). This indicates that mainly biogenic lixiviants (containing H2SO4 and Fe3+) produced by the microorganisms during pre-cultivation were involved in the metal leaching. Complete oxidation of Fe2+ in abiotic FeS medium was achieved after 7 days (Figure 4D), indicating that chemical oxidation of Fe2+ by metal oxides in BM is relatively slow in acidic environments. On the other hand, the Fe2+ concentration in the enriched cultures decreased slightly from day 2 to 7, which may imply that besides Fe2+ oxidation, either chemically or by Alicyclobacillus, aerobic Fe3+ reduction also occurred in the presence of A. thiooxidans. In this case, Fe3+ was probably reduced by the RISC intermediates produced during bacterial S0 oxidation (Breuker and Schippers, 2023). Thus, iron cycling during BM bioleaching appears to be influenced by both abiotic and biotic reactions.
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FIGURE 5
 Changes in the concentrations of solubilized metals during two-step direct bioleaching of 1% (w/v) of BM using non-adapted (blue dotted) and adapted (gold diagonal stripes) enriched cultures in FeS medium compared to control abiotic FeS medium (red horizontal stripes). An asterisk indicates a significant change (p < 0.05). Standard deviations (n = 3) are indicated with vertical bars and, if not shown, are smaller than the size of the symbol.


Significantly higher concentrations of all monitored metals (except Cu) were detected in adapted cultures on day 2 compared to those in non-adapted cultures and abiotic control. Additionally, solid residues were analyzed using SEM/EDS. Figure 6 shows that almost all Co, Ni, Mn, and Al were leached from the BM in non-adapted and adapted cultures. Abiotic control was slightly less efficient in extracting Co and Mn. The high S signals in both non-adapted and adapted cultures can be attributed to the residual electron donor added to the medium (Figure 6). The difference between the two intensities indicates that in the presence of BM, the adapted cultures oxidized S0 more effectively than the non-adapted cultures, which is also evident from SO42− concentrations (Figure 4C). Similarly, Hosseini et al. (2022) reported enhanced SO42− production and Sr. and Ce recovery during bioleaching of gold mine tailings when A. thiooxidans adapted to 4% (w/v) tailings pulp density was used. The Fe precipitation in the abiotic assay due to the increase in pH and the absence of Fe2+ and RISC oxidizers was confirmed by the high Fe signal in the solid residue (Figure 6).

[image: Figure 6]

FIGURE 6
 The SEM/EDS analysis of BM before (grey color) and after two-step direct (bio)leaching with non-adapted (blue color) and adapted (gold color) enriched cultures in FeS medium compared to control abiotic FeS medium (red color).


The Li leaching is thought to be primarily due to dissolution in H2SO4, while the dissolution of other metals such as Co and Ni occurs by a combination of acidolysis and redoxolysis via Fe2+/Fe3+ cycling (see Eq. 1) (Xin et al., 2009).

[image: image]

Co and Ni are predominantly present in LIBs in the oxidation state +3, which are less soluble than their reduced state +2. Wu et al. (2019) showed that the presence of pyrite and Fe2+ enhanced the efficiency of Co and Ni bioleaching, with Fe2+ reducing Co3+ and Ni3+ to Co2+ and Ni2+. Moreover, the presence of Ag+ promoted the dissolution of Co from LiCoO2 by bioleaching with A. ferrooxidans via formation of AgCoO as an intermediate (Zeng et al., 2013). Zeng et al. (2012) reported an increase in Co extraction from 43.1 to 99.9% during bioleaching in the presence of Cu2+ as a catalyst (Eqs 2, 3).
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In this study, it is presumed that Li was leached by H2SO4 generated by S0 oxidation using the enriched culture dominated by A. thiooxidans and Acb. disulfidooxidans, while Co, Ni, and Mn were likely solubilized by the combination of acid dissolution and reduction by Fe2+. Still, at low pH, chemical oxidation of Fe2+ to Fe3+ competes with bacterial oxidation (in this study by Alicyclobacillus). It appears that Fe3+ participates in the dissolution of the material along with H2SO4, and the Fe2+ produced may participate in the reduction of other metals or serve as an electron donor for bacterial oxidation. The resulting re-oxidized Fe3+ might dissolve the material further or can be reduced by RISC intermediates during bacterial S0 oxidation. Lower pH (< 1.5) and higher ORP (> 400 mV) presented favorable conditions for the leaching of metals such as Co, which is in agreement with a study by Li et al. (2013b) who reported that the dissolution of Co from LiCoO2 by A. ferrooxidans was highly dependent on ORP with best results obtained at pH 1.5 and ORP > 400 mV measured using Ag/AgCl as reference electrode (which is similar to the electrode used in this study). Furthermore, BM contains a high proportion of Cu, which can dissolve and act as a catalyst via the formation of intermediates such as CuCo2O4, which further promotes the dissolution of Co/Ni/Mn.




4 Conclusion

A mixed culture of A. thiooxidans and Acb. disulfidooxidans enriched from a sediment sample collected from an acidic mine pit lake showed promising results during bioleaching of metals from spent NMC-based BM. The microbial performance was enhanced by adaptation carried out with synthetic polymetallic solutions, which reduced the stress caused by the alkaline character of BM. The mixed metal concentration was increased in three consecutive steps up to concentrations corresponding to 1% BM pulp density. During two-step bioleaching with the adapted microbial consortium, high metal leaching efficiencies were achieved. Up to 100% of Li, Co, Ni, Mn, and Al was solubilized by the combined effect of biogenic H2SO4 and Fe3+, together with chemical reduction of metal oxides in BM by Fe2+, indicating that both acid production and iron cycling play important roles in BM bioleaching. In addition, Cu released from BM likely acted as a catalyst, further improving metal dissolution. The current study shows that microbial adaptation and selection of suitable process parameters can improve bioleaching performance. Nevertheless, further research is needed to assess the effect of higher BM concentrations, before the biotechnology can be considered an economically feasible process.
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The tendency of the periplasmic redox proteins in acidophiles to have more positive redox potentials (Em) than their homologous counterparts in neutrophiles suggests an adaptation to acidic pH at protein level, since thermodynamics of electron transfer processes are also affected by acidic pH. Since this conclusion is mainly based on the electrochemical characterization of redox proteins from extreme acidophiles of the genus Acidithiobacillus, we aimed to characterize three recombinant redox proteins of the more moderate acidophile Ferrovum sp. PN-J47-F6. We applied protein film voltammetry and linear sweep voltammetry coupled to UV/Vis spectroscopy to characterize the redox behavior of HiPIP-41, CytC-18, and CytC-78, respectively. The Em-values of HiPIP-41 (571 ± 16 mV), CytC-18 (276 ± 8 mV, 416 ± 2 mV), and CytC-78 (308 ± 7 mV, 399 ± 7 mV) were indeed more positive than those of homologous redox proteins in neutrophiles. Moreover, our findings suggest that the adaptation of redox proteins with respect to their Em occurs more gradually in response to the pH, since there are also differences between moderate and more extreme acidophiles. In order to address structure function correlations in these redox proteins with respect to structural features affecting the Em, we conducted a comparative structural analysis of the Ferrovum-derived redox proteins and homologs of Acidithiobacillus spp. and neutrophilic proteobacteria. Hydrophobic contacts in the redox cofactor binding pockets resulting in a low solvent accessibility appear to be the major factor contributing to the more positive Em-values in acidophile-derived redox proteins. While additional cysteines in HiPIPs of acidophiles might increase the effective shielding of the [4Fe-4S]-cofactor, the tight shielding of the heme centers in acidophile-derived cytochromes is achieved by a drastic increase in hydrophobic contacts (A.f. Cyc41), and by a larger fraction of aromatic residues in the binding pockets (CytC-18, CytC-78).
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1 Introduction

Acid tolerance mechanisms in acidophilic microorganisms have been investigated to some extent with respect to the whole cell (Baker-Austin and Dopson, 2007; Slonczewski et al., 2009). However, less is known about the adaptational mechanisms at the protein level with respect to stability or function (Schäfer et al., 2004; Chi et al., 2007; Duarte et al., 2009; Cárdenas et al., 2010). Redox proteins of respiratory electron transfer chains present interesting candidates to study such adaptational mechanisms for two reasons. Firstly, they are exposed to external acidic pH and thus they likely need structural adaptations to maintain their native conformation (Baker-Austin and Dopson, 2007; Duarte et al., 2009). Secondly, Em-values of electron donor and acceptor couples are affected by pH. Consequently, the tuning of the redox proteins’ Em-values was postulated to present a necessary adaptation in order for them to effectively transfer electrons between these donor and acceptor couples (Bird et al., 2011).

In acidithiobacilli representatives, the Em-values of redox proteins of the electron transfer chain from ferrous iron to oxygen are found to be more positive than those of homologous proteins derived from neutrophiles (Giudici-Orticoni et al., 1999; Bird et al., 2011). For example, the Em of the HiPIPs Hip of Acidithiobacillus ferridurans (Bruscella et al., 2005) and Iro of Acidithiobacillus ferrooxidans (Yamanaka and Fukumori, 1995) are at least 100 mV more positive than those of HiPIPs in neutrophilic phototrophs. Similar observations have been reported for the blue copper protein rusticyanin (Ingledew and Cobley, 1980), the periplasmic c4 cytochromes Cyc1/Cyc41 (Cavazza et al., 1996) and CycA1 (Giudici-Orticoni et al., 2000), and the outer membrane cytochrome Cyc2 (Castelle et al., 2008). Their more positive Em-values appear to be attributed to (i) the more positive Em-values of the oxygen/water electron acceptor couple at acidic pH (1.12 Vat pH 2 vs. 0.82 V at pH 7) and (ii) to the dependency of Em-value the on solubility and chelators of the ferrous/ferric iron couple at a certain pH (Ingledew and Cobley, 1980; Bird et al., 2011; Ilbert and Bonnefoy, 2013).

Electrochemical studies on several redox proteins have revealed that their Em also depends on the pH during the measurement due to charge variations of specific surface exposed residues (Bian et al., 1996; Stephens et al., 1996; Capozzi et al., 1998). However, although this pH dependency has also been described for acidophile-derived redox proteins, their Em-values are generally more positive. For example, at pH 7 the Em of Hip (A. ferridurans) is 510 mV (Bruscella et al., 2005) while the Em of HiPIPs derived from the neutrophiles Rhodoferrax fermentans and Rhodocyclus tenuis are 351 mV (Hochkoeppler et al., 1995) and 330 mV (Meyer et al., 1983) respectively. Thus, it seems tempting to expect that specific structural features might have evolved in redox proteins in acidophiles which modulate their Em toward more positive values. Among the most prominent structural properties affecting the Em is the binding mode of the redox center within the binding pocket. This concerns both hydrophobic contacts (Carter et al., 1972; Dey et al., 2007), because they influence the solvent accessibility of the redox center (Parisini et al., 1999; de March et al., 2015), and electrostatic contacts such as hydrogen bonds between protein and redox center which affect the nucleophilic or electrophilic character of the redox center (Backes et al., 1991; Heering et al., 1995; Mao et al., 2003; Hosseinzadeh et al., 2016).

Being a more moderate acidophile, Ferrovum sp. PN-J47-F6 presents an interesting model to study acid adaptational mechanisms due to its exceptional position between neutrophiles and more extreme acidophiles (Ullrich et al., 2016a,b; Grettenberger et al., 2020). Our recent study on the recombinant redox protein candidates of Ferrovum sp. PN-J47-F6 suggested the high-potential iron–sulfur protein HiPIP-41 and the two c4 cytochromes CytC-18 and CytC-78 to be likely candidates of the electron transfer chain from ferrous iron to oxygen (Ullrich et al., 2023). Building on this earlier study, our present study focused, firstly, on collecting evidence on whether the redox properties of HiPIP-41, CytC-18 and CytC-78 might reflect the unique position of their host Ferrovum sp. PN-J47-F6 between neutrophiles and acidophiles. Secondly, we were interested in whether their redox properties are attributed to certain structural features. The prerequisite of studying such correlations between structure and function is the parallel availability of electrochemical data and structural information. Therefore, we combined an experimental and a computational approach. We determined the Em-values of HiPIP-41, CytC-18 and CytC-78 of Ferrovum sp. PN-J47-F6 using potentiometric approaches and compared them to Em-values of homologous proteins derived from neutrophiles and acidophiles with the aim to evaluate the trend of more positive Em-values in acidophile-derived redox proteins. Our secondary aim was to identify structural features with respect to the redox cofactor binding pocket and solvent accessibility that might contribute to the more positive Em-values. Therefore, we analyzed and compared experimentally solved structures of homologous redox proteins and structural models of the Ferrovum-derived recombinant redox proteins predicted by the D-i-Tasser suite.



2 Materials and methods


2.1 Heterologous production and purification of recombinant redox proteins

Recombinant His-tagged HiPIP-41, CytC-18, and CytC-78 derived from Ferrovum sp. PN-J47-F6 were produced, purified and concentrated as described previously (Ullrich et al., 2023).



2.2 Determination of the redox potential

If not stated otherwise all experiments were conducted at 25°C in sodium citrate phosphate buffer (41.4 mM Na2HPO4, 79.3 mM citric acid, pH 3.1). The experimental set-up is shown in Supplementary Figure 1.


2.2.1 Protein film voltammetry

The redox potential of HiPIP-41 was determined directly via classic cyclic voltammetry (CV). Control potential scans of the buffer without HiPIP-41 showed redox peaks. HiPIP-41 (600 μM) was applied directly as thin protein film on the freshly polished surface (0.07 cm2) of a glassy carbon working electrode. The working electrode was inserted into a Slide-A-Lyzer Mini Dialysis Unit (MWCO 3.5 kDa; Pierce) in order to prevent protein dilution during CV measurements. The dialysis unit was inserted into a buffer filled glass vessel together with the platinum counter electrode and the Ag/AgCl (in 3 M NaCl) reference electrode. CV experiments were conducted using a Gamry Interface1000 potentiostat and the Gamry Framework software. Data was collected between potential limits of 200 and 900 mV vs. SHE with potential scan rates of 10, 50 and 100 mV/s which were applied in direct succession to the assay. The Em of HiPIP-41 was determined based on the potentials of its oxidative and reductive peaks. A correction factor of 197 mV was used to convert redox potentials from vs. Ag/AgCl (3 M NaCl) to vs. standard hydrogen electrode (SHE).



2.2.2 Linear sweep voltammetry coupled to UV/Vis spectroscopy

Concentrates of recombinant cytochromes CytC-18 and CytC-78, respectively, were diluted in buffer solution within a spectroelectrochemical quartz glass cuvette (PINE Research). In order to facilitate electron transfer between the cytochrome and the working electrode surface the redox mediators potassium ferricyanide and phenanzine methosulfate (PMS) were added in 2-fold excess. Our choice of redox mediators was based on fact that their absorption spectra did not overlap with the α-, β- and γ-peaks of the cytochromes and because their Em-values are well within the indented potential limits. Moreover, PMS has already been demonstrated as suitable redox mediator in redox titrations of c-type cytochromes (Carpenter et al., 2020), while ferricyanide has been shown to oxidize CytC-18 and CytC-78 in a biochemical redox assay (Ullrich et al., 2023). Stocks of buffer and redox mediators were treated with N2 to reduce remaining O2 content prior use. The final electrochemical assay of 450 μL contained 20 μM of CytC-78 and approx. Forty micrometer of each redox mediator or 36 μM CytC-18 and 72 μM of each redox mediator, respectively. A platinum honeycomb working electrode (PINE Research) and an Ag/AgCl reference electrode (in 3 M KCl) were inserted into the cuvette and connected to a Gamry Interface1000 potentiostat. The cuvette was placed in a Jasco V-670 UV/Vis spectrometer. The open circuit potential of the reaction mix was determined to set the initial potential for the reductive sweep. Before each potential sweep the initial potential was held for 120 s. Bernhardt, 2023 demonstrated the suitability of potential sweep rates between 0.1 and 0.6 mV/s for horse heart cytochrome c. Based on results on horse heart cytochrome c (Bernhardt, 2023) using a similar experimental set-up, we ran reductive and oxidative potential sweeps in sequence between 450 mV and − 50 mV vs. Ag/AgCl at 0.1, 0.15, and 0.2 mV/s with a step size of 0.5 mV for each assay. UV/Vis spectra between 390 and 590 nm were recorded every 10 mV during the potential sweeps. Potential absorption curves were determined for the α-, β-, and γ-peaks of the respective cytochrome within Prism Graph Pad 6. Boltzmann sigmoidal fit was applied to determine the infliction points. Em-values were calculated as the average of the infliction points of corresponding oxidative and reductive potential sweeps. The redox potential vs. standard hydrogen electrode (SHE) was calculated by adding 200 mV to the potential against the Ag/AgCl (3 M KCl) reference electrode.




2.3 Prediction and analysis of structural models

Structural models of the mature wildtype protein sequences of HiPIP-41 (WP_067495359), CytC-18 (WP_067493319), and CytC-78 (WP_229347545) were predicted using the D-i-Tasser suite (Deep-learning based Iterative Threading ASSEmbly Refinement; Yang and Zhang, 2015; Zheng et al., 2022, 2023). N-terminal signal peptides were predicted using SignalP5.0 (Almagro Armenteros et al., 2019) and omitted from the protein sequence. Structural models of the HiPIP of Rhodocyclus tenuis (1Isu), Cyc41 of Acidithiobacillus ferrooxidans (1h1o) and c4 of Pseudomonas strutzeri (1 m70) were retrieved from the Protein Database (PDB). The structural model of Hip of Acidithiobacillus ferridurans (UniProt ID: Q93MF8) was retrieved from the AlphaFold protein Structure Database (Jumper et al., 2021). Structural models were visualized using Chimera 1.15 (Pettersen et al., 2004). Superimposition of the HiPIP structural models was achieved using MatchMaker implemented in Chimera 1.15 (Meng et al., 2006). Hydrophobic contacts and hydrogen bonds at the domain:domain interfaces of c4 cytochromes and within the cofactor binding pockets were predicted by LigPlot+ (Wallace et al., 1995; Laskowski and Swindells, 2011) and amended by manual inspection of the structural models.




3 Results


3.1 Electrochemical characterization of the Ferrovum-derived recombinant redox proteins

The electrochemical characterization of the recombinant Ferrovum-derived redox proteins HiPIP-41, CytC-18 and CytC-78 aimed to determine the Em-values of their cofactors. The different size of the native redox proteins and the different nature of their cofactors required different approaches for their electrochemical characterization.


3.1.1 Determination of the redox potential of HiPIP-41 using protein film voltammetry

Cyclic voltammetry of a concentrated HIPIP-41 film applied directly onto the working electrode surface proved suitable to determine the Em of HiPIP-41. The cyclic voltammograms of HiPIP-41 taken at three different scan rates (10, 50 and 100 mV/s) show the fully reversible character of the electrochemical reduction and oxidation of HiPIP-41 (Figure 1). The averaged Em was calculated to be 571 mV ± 16 mV vs. SHE based on the curves of all three potential scan rates. This is in accord with the very positive Em-values of HiPIPs found in acidophilic chemolithoautotrophs (Table 1). Hip of A. ferridurans is involved in periplasmic electron transfer during oxidation of reduced sulfur compounds (Bruscella et al., 2005; Quatrini et al., 2006) and has an Em of 550 mV (Bruscella et al., 2005). The HiPIP Iro of A. ferrooxidans has an Em of 633 mV (Yamanaka and Fukumori, 1995) and has been suggested to be involved in ferrous iron oxidation (Fukumori et al., 1988). Electrochemically characterized HiPIPs of neutrophilic bacteria are restricted to the phototrophic bacteria Rhodoferrax fermentans, Rhodocyclus tenuis 2,761, Rhodopseudomonas palustris TIE-1 and Halorhodospira halophila. Their Em-values lie in a range of 50 mV (Iso-HiPIP II, H. halophila) and 450 mV (PioC, R. palustris) but are generally more negative than those of the acidophiles (Table 1). Among the phototrophs, PioC of R. palustris has the most positive Em (450 mV). PioC serves as periplasmic electron shuttle between an iron oxidizing outer membrane protein complex PioAB and the reaction center of the photosystem II (Bird et al., 2014). The HiPIPs of the other neutrophilic representatives mediate the periplasmic electron transfer between an inner membrane protein complex and the reaction center of photosystem II (Hochkoeppler et al., 1995). Apparently, the Em of HiPIPs is attributed to both, the nature of the electron transfer process and consequently its interaction partners as well as the prevailing pH of the periplasm.
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FIGURE 1
 Cyclic voltammogram of HiPIP-41 in sodium phosphate citrate buffer (pH 3.1). Cyclic voltammograms of HiPIP-41 in sodium citrate phosphate buffer, pH 3.1 are shown for scan rates of 100 mV/s (black curve), 50 mV/s (red curve) and 10 mV/s (blue curve), respectively, and between potential limits of 200 and 900 mV vs. SHE. The voltammogram of the buffer control without HiPIP-41 is shown in gray. HiPIP-41 was applied as a thin protein film directly onto the surface of the glassy carbon working electrode at a final concentration of 600 μM. The redox assay was carried out in sodium citrate phosphate buffer using an Ag/AgCl as reference electrode and a platinum counter electrode.




TABLE 1 Overview of redox potentials of HiPIP-41 and homologous proteins in other bacteria.
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3.1.2 Determination of the redox behavior of CytC-18 and CytC-78 using a spectroelectrochemical approach

Our previous biochemical redox assays demonstrated the reversibility of oxidation and reduction of CytC-18 and CytC-78 (Ullrich et al., 2023). However, cyclic voltammetry of a cytochrome protein film was not feasible for CytC-18 and CytC-78, because of the irreversibility of the electrochemical oxidation or reduction, respectively (data not shown). With respect to observations reported for the green copper protein AcoP of A. ferrooxidans, it is possible that CytC-18 and Cytc-78 also underwent irreversible conformational changes during contact with the electrode surface which impaired their redox activity (Wang et al., 2018). Therefore, we chose a mediated spectroelectrochemical approach to further characterize the redox behavior of the two cytochromes. This approach combined linear sweep voltammetry and the simultaneous recording of UV/VIS spectra. Thereby, the applied potential was changed at very slow rates in presence of redox mediators facilitating the electron transfer between the cytochromes and the working electrode while the cytochrome’s redox state was assessed by determination of the absorption intensity of the α-, β-, γ-peaks.

Figure 2 shows the complete oxidation of CytC-18 (A, B) and CytC-78 (C, D) during a potential sweep from 170 mV to 550 mV vs. SHE at 0.1 mV/s. During this oxidative potential sweep the intensity of the α- and β-peaks decrease while the γ-peaks shift to shorter wavelengths and decreases in intensity. The stacking of the absorption spectra creates a unique pattern for each of the two cytochromes, because the rate of absorbance intensity change per 20 mV varied over the potential sweep. There are potential windows when the absorbance intensity is only slightly changing between sequential spectra as well as potential windows where the intensity is changing to a larger extent. For CytC-18 (Figures 2A,B) the potential windows with faster and slower absorbance changes are clearly alternating which is likely to be attributed to the two heme centers that are oxidized sequentially rather than simultaneously. This behavior was also observed for CytC-78 (Figures 2C,D), but it appears to occur less uniformly between the potential limits. Instead, there is a potential window between 390 and 470 mV vs. SHE in which CytC-78 oxidizes to a larger extent indicated by the higher absorption changes between subsequent 20 mV potential steps.
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FIGURE 2
 Potential-dependent absorption spectra of CytC-18 (A,B) and CytC-78 (C,D). Absorption spectra between 390 and 590 nm were recorded during the oxidative potential sweep from 170 to 550 mV vs. SHE at 0.1 mV/s. For each cytochrome, a total of 20 spectra was stacked to visualize the redox transition between fully reduced state at 170 mV (red curve) and fully oxidized state at 550 mV (blue curve). The typical cytochrome c absorption maxima at 552 nm (α-peak), 525 nm (β-peak), and at ~420 nm (γ-peak) are indicated. The inlet enlarges the α- and β-peaks (B,D). The redox assay was carried out in a specialized quartz glass cuvette using a platinum working electrode in honeycomb design, an Ag/AgCl (3 M KCl) reference electrode and a platinum counter electrode. The assay contained 36 μM CytC-18 or 20 μM CytC-78, respectively, in the presence of two-fold excess of sodium ferricyanide and phenazine methosulfate serving as redox mediators in N2-treated sodium citrate phosphate buffer (pH 3.1).


These observations are even more clearly reflected when plotting the absorption intensities of the respective α-, β-, and γ-peaks against the applied potential (Supplementary Figure 2) suggesting that CytC-18 and CytC-78 are characterized by a unique redox behavior. Representatively, Figure 3 depicts the individual redox behavior of CytC-18 (A) and CytC-78 (B) as functions of the absorption intensities of their respective α-peaks in dependence of the applied potential at a sweep rate of 0.15 mV/s. The resulting curves for the two cytochromes are characterized by a double sigmoidal shape reflecting two apparent redox transitions for the two hemes in each of the cytochromes. The lower plateau of absorption intensity corresponds with higher potentials and the fully oxidized state of the cytochromes, while the upper absorption intensity plateau corresponds with lower potentials and the fully reduced state of the cytochromes. An intermediary plateau is only slightly indicated by the slower absorption intensity changes. This intermediate plateau is more clearly visible for CytC-18 independent from the direction of the potential sweep (Figure 3A). In the case of CytC-78 this intermediary plateau is more clearly shaped in the curves of the oxidative potentials sweeps (Figure 3B). For both cytochromes the lower potential transition corresponds to only 25% of the total intensity difference between the fully reduced and fully oxidized state while the higher potential transition corresponds to 75%. This leads to the different steepness of the two sigmoidal curve areas in the lower or higher potential window, respectively.
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FIGURE 3
 Potential-absorption plots of CytC-18 (A) and CytC-78 (B). The intensity of the respective α-peak is plotted against the applied potential vs. SHE. The cytochromes were electrochemically oxidized (closed circles) or reduced (open circles) at a platinum honeycomb working electrode in the presence of two-fold excess of the redox mediators phenanzine methosulfate and ferricyanide. The concentration of the cytochromes was 36 μM of CytC-18 (A) or 20 μM of CytC-78 (B), respectively. The potential sweep rate was 0.15 mV/s for each scan. Absorption was measured every 10 mV (A) or 12 mV (B), respectively.


Apart from the overall similar shape of the curves for both cytochromes, there are two features that again suggest an individual redox behavior of two Ferrovum-derived cytochromes: (i) the different extents of hysteresis between the curves of the oxidative and reductive sweeps and (ii) the size of the potential window required for the full redox transition. With respect to hysteresis, the curves of oxidative and reductive potential sweeps are very similar in shape and course for CytC-18 (Figure 3A). In the case of CytC-78 hysteresis increases with the potential sweep rate from 0.1 to 0.2 mV/s (Supplementary Figure 2B). Furthermore, the potential window for full redox transition is generally smaller for CytC-78 than for CytC-18 with approx. 280 mV vs. approx. 330 mV, respectively, (Supplementary Table 1A). This observation might be attributed to the smaller size of the potential window corresponding with the higher potential transition in CytC-78 compared to CytC-18 which also results in even steeper sigmoidal curves for the higher potential transition in CytC-78.

We calculated the Em-values for the two heme centers of CytC-18 and CytC-78 based on the inflection points of the lower potential transition (lower potential heme) and the higher potential transition (higher potential heme) for the different potential sweep rates and for the curves of α-, β- and γ-peaks (Supplementary Table 1B). Since the deviation of the calculated Em-values was low for the different sweep rates and absorption peaks, we calculated the mean values for the lower and higher potential hemes of CytC-18 and CytC-78 to compare them to the available Em-values of homologous c4 cytochromes of neutrophiles and acidophiles (Table 2). For CytC-18 we determined Em-values of 276 mV (± 8 mV) for the lower potential heme and 416 mV (± 2 mV) for the higher potential heme and 308 mV (± 7 mV) and 399 mV (± 7 mV) for CytC-78, respectively. The ΔEm of the two heme centers is smaller in CytC-78 than in CytC-18 (91 vs. 140 mV), which is in accordance with the smaller potential window to achieve the full redox transition in CytC-78. In comparison to c4 cytochromes derived from neutrophiles (Pseudomonas spp., Pseudoalteromonas haloplanktis, Azotobacter vinelandii, Vibrio cholerae) the Em-values of both Ferrovum-derived cytochromes are at least 50 mV more positive (Table 2). On the other hand, they are approx. 70 mV more negative than the Em-values of c4 cytochromes derived from the more extreme acidophiles Acidithiobacillus spp. The ΔEm of the lower and higher potential heme ranges from 54 to 110 mV, highlighting the unexpectedly large ΔEm of the CytC-18 heme centers.



TABLE 2 Summary of determined redox potentials of the c4 cytochromes CytC-18, CytC-78, and homologous proteins.
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Since the Em-values of two different classes of redox proteins showed similar tendencies when compared to homologous proteins of acidophiles and neutrophiles, we aimed at identifying potential structural features that might contribute to this adaptation at protein level. Therefore, we analyzed the cofactor binding pockets in predicted structural models and compared them to available experimentally solved structures or structural models of homologous proteins with available Em data.




3.2 Analysis of redox center environments of HiPIP-41 and comparison to homologous HiPIPs

The [4Fe-4S]-cofactor in HiPIPs is covalently bound by four highly conserved cysteine residues and is stabilized in a hydrophobic binding pocket with aromatic residues playing a fundamental role in electron transfer and Em modulation (Agarwal et al., 1995; Iwagami et al., 1995; Bian et al., 1996; Parisini et al., 1999; Liu et al., 2014). Our previous analysis of the homology-based structure of HiPIP-41 has already suggested that the [4Fe-4S]-cofactor is surrounded by a high number of hydrophobic and aromatic residues (Ullrich et al., 2023). Thus, the new structural model of HiPIP-41 based on a combined approach of homology modeling and a deep learning algorithm was compared to the AlphaFold-predicted structure of Hip of the acidophile A. ferrooxidans and the experimentally solved structure of the HiPIP of R. tenuis (PDB: 1Isu). Hip and HiPIP 1Isu were chosen for this comparative approach because they have already been electrochemically characterized (Table 1). Our analysis focused on conserved and unique structural features with special regard to residue candidates involved in tuning the Em-values.

Hydrophobic contacts between the protein and the cofactor in the three HiPIPs were predicted using LigPlot+ with subsequent evaluation by manual inspection of their structural models. The [4Fe-4S]-cofactor in HiPIP-41 is surrounded by 10 hydrophobic residues of which five are aromatic (Figures 4A,B). The high number of hydrophobic contacts completely shields the cofactor from the surrounding solvent (Figures 4C,D). However, some of these residues not only contribute to the hydrophobic character of the binding pocket but also to the surface properties of HiPIP-41. The hydroxyl group of Tyr-54, for example, is oriented toward the surface while the aromatic ring shields the cofactor (Figure 4C). The polar sidechain of the Asn-27 is similarly oriented toward the surface while the CH2-group is positioned toward the protein core (Figure 4D). In the case of Tyr-43 and Phe-58 the oxygen moieties of their peptide bonds are pointing toward the surface (Figure 4C).
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FIGURE 4
 Hydrophobic contacts to the [4Fe-4S]-cofactor in HiPIP-41. (A) The hydrophobic contacts of the cofactor-binding pocket are visualized as ligplot predicted by LigPlot+ and amended after manual inspection of the structure model. Hydrophobic contacts are depicted by red eyelashes while other bonds are shown as blue solid lines between atoms. (B) Residues corresponding with the ligplot are shown in the structural model by three-letter code and position number. Residues are colored by element (carbon – gray, oxygen – red, nitrogen – blue, sulfur – yellow) (C) The [4Fe-4S]-cofactor is buried deep within the protein and shielded from the outside. The surface of HiPIP-41 is colored by secondary structural element (helix – green, coil – tan). The residues depicted in (B) have influence on the surface as is indicated by colored patches on the surface. The colors refer to the element coloring of side chains or peptide bonds of the respective residues. (D) The structure is shown from a different view as indicated by the screw axis.


The cofactor in HiPIP 1Isu is surrounded by a similar number of hydrophobic (10) and aromatic residues (5) (Supplementary Figures 3A,B) while the ten hydrophobic contacts to the Hip cofactor include only four aromatic residues (Supplementary Figures 3C,D). Similarly to HiPIP-41, the cofactors of Hip and HiPIP 1Isu are completely buried within the protein cores and are not accessible for the surrounding solvent (Supplementary Figures 3E,F). The superimposition of all three structural models shows the high structural similarity of all HiPIPs where HiPIP-41 and HiPIP 1Isu even share the short N-terminal α-helix (Supplementary Figure 4). The high proline content of Hip was reported to interfere with secondary structural elements (Nouailler et al., 2006), which might explain the slightly lower structural similarity to the other two HiPIPs. Despite the generally low sequence similarities of less than 40% between the three HiPIPs, many of the residues with hydrophobic contacts to the cofactor were identified at identical positions (Supplementary Figures 4A–C). A remarkable exception presents position 53 (1Isu numbering), where HiPIP-41 harbors an additional cysteine residue while HiPIP 1Isu and Hip have glycine residues. Two other positions are also noteworthy, because only one of the three HiPIPs possesses an aromatic residue while the other two harbor aliphatic residues at the same position: the first is Phe-10 in HiPIP 1Isu and the second is Tyr-43 in HiPIP-41. Otherwise four of five aromatic residues with hydrophobic contacts to the cofactor are highly conserved between all three structures (Supplementary Figure 4C).

However, the only clearly distinguishing feature of the two acidophile-derived HiPIPs Hip and HiPIP-41 present the two additional cysteine residues not involved in cofactor coordination (Supplementary Figure 4D). While Cys-52 and Cys-84 of Hip were found to form a structure stabilizing disulfide bond (Nouailler et al., 2006), the role of Cys-50 and Cys-53 of HiPIP-41 has not yet been elucidated (Ullrich et al., 2023). The orientation of Cys-53 toward the cofactor in HiPIP-41 together with its restricted presence in Ferrovum spp. HiPIPs (Ullrich et al., 2023) seems to be a rather striking. Still, it remains so far unclear whether these additional cysteines might contribute to the at least 240 mV more positive Em in the HiPIPs of the acidophiles.



3.3 Analysis of redox center environments of CytC-18 and CytC-78 and comparison to homologous c4 cytochromes

The electrochemical characterization of CytC-18 and CytC-78 showed (i) that the potential window for the full redox transition is smaller for CytC-78 which corresponds with the smaller ΔEm of its two heme centers and (ii) that the hysteresis between the oxidative and reductive potential sweeps is smaller in CytC-18. Hence, although the Em-values of the two Ferrovum-derived cytochromes are quite similar, both are characterized by an individual redox behavior. Earlier studies suggested that both, the heme-to-heme positioning and the heme:protein contacts affect the intramolecular electron transfer (Kadziola and Larsen, 1997; Abergel et al., 2003; de March et al., 2015). Aiming to collect evidence for correlations between structure and properties of CytC-18 and CytC-78, we focused our analyses on their hydrogen bond networks at the domain:domain interface, hydrophobic contacts in the heme-binding pockets and the solvent accessibility of their heme centers. Moreover, these analyses provided the basis for the subsequent comparison to available structures of the homologous c4 cytochromes of the neutrophile P. strutzeri (PDB: 1 m70; P.s. c4) and of Cyc41 of the acidophile A. ferrooxidans (PDB: 1h1o; A.f. Cyc41) which have also been electrochemically characterized.


3.3.1 Contacts at the domain:domain interface and in the heme-binding pockets of CytC-18 and CytC-78

A typical feature of CytC-18, CytC-78, and other c4 cytochromes is the two-domain structure with heme-1 being bound within the N-terminal domain and heme-2 being bound in the C-terminal domain (Andersen et al., 2011; Ullrich et al., 2023). The heme-heme geometry in CytC-18 and CytC-78 is very similar to that of P.s. c4 and A.f. Cyc41 with the two heme centers being arranged in the same plane in a slightly tilted angle to each other (Ullrich et al., 2023). This geometry results in long Fe-Fe distances between the heme centers of 18.2 Å (CytC-18) and 19.1 Å (CytC-78) which is comparable to the distances in A.f. Cyc41 (18.7 Å) and P.s. c4 (19.2 Å), respectively, Table 3. We employed LigPlot+ to predict interdomain contacts using the dimplot feature (Figure 5) and protein:heme contacts in CytC-18 and CytC-78 (Figure 6). The dimplots in Figure 5 suggest that the interfaces of both cytochromes are stabilized by hydrophobic contacts and hydrogen bonds, whereas there are more hydrogen bonding residues in CytC-18 (11 vs. 8) and more hydrophobic contacts at the interface of CytC-78 (18 vs. 14). In both cytochromes these residues likely contribute to the arrangement of the proprionates of the pyrrole rings A within hydrogen bonding distance (Figure 7). The O-O distances between the O1A atoms of the contacting proprionate groups are 2 Å (CytC-18) and 2.4 Å (CytC-78), respectively, which is comparable to the O-O distances in A.f. Cyc41 (2.5 Å) and P.s. c4 (2.5 Å) (Table 3). Moreover, the analysis of the Ligplots (Figure 6) and the structural models (Figure 7) underline how the proprionate groups are involved in the hydrogen bond network in CytC-18 and CytC-78.



TABLE 3 Summary of structural properties of the domain:domain interfaces and the heme-binding pockets of A. f. Cyc41, CytC-18, CytC-78, and P. s. c4 based on LigPlot+ predictions and manual inspection of the structural models.
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FIGURE 5
 Hydrophobic contacts and hydrogen bonds at the domain:domain interface in CytC-18 (A) and CytC-78 (B). The dimplots were calculated using LigPlot+. The horizontal line indicates the domain:domain interface between the N- and C-terminal domains. Hydrogen bonds are shown in green broken lines with distances between the bonding atoms in Å. Hydrophobic contacts are represented as red (N-terminal domains) or pink (C-terminal domains) eyelashes.
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FIGURE 6
 Ligplots visualizing hydrophobic contacts and hydrogen bonds between the heme ligands and the protein chains of CytC-18 (A,B) and CytC-78 (C,D). Hydrogen bonds and hydrophobic contacts between the two heme c ligands and the protein chains of CytC-18 and CytC-78 were predicted using LigPlot+. The heme c ligands of the N-terminal domains are termed hemes-1 (A,C), while those of the C-terminal domains are termed hemes-2 (B,D). Hydrophobic contacts are depicted by red eyelashes while hydrogen bonds are shown as green broken lines with the distances between the bonding atoms given in Å. Other bonds are shown as blue solid lines between atoms. The ligplots were amended by missing hydrogen bonds (gray broken lines) and hydrophobic contacts (red eyelashes) after manual inspection of the structural models of CytC-18 and CytC-78.


[image: Figure 7]

FIGURE 7
 Hydrogen bond network at the domain:domain interface of CytC-18 (A,B) and CytC-78 (C,D). The residues involved in hydrogen bonds at the domain:domain interface are indicated by three letter code and position number for CytC-18 (A) and CytC-78 (C) without the surrounding protein structure. The surrounding structure is shown for the same view at the interface colored by secondary structure. While coils are shown in gray, helices in are shown in green in CytC-18 (B) or in orange in CytC-78 (D). Hydrogen bonds between residues and proprionate groups of the heme centers are indicated as red broken lines. The pyrrole ring numbering from (A–D) is indicated in gray letters for each heme center in (A,C).


In CytC-18, Arg-71 of the N-terminal domain forms hydrogen bonds to either Tyr-159 and Gln-163 of the C-terminal domain (Figure 5A). At the same time all three residues are in hydrogen bonding distance to the D-ring proprionate group of heme-1 (Figures 6A, 7A). Tyr-159 is also in hydrogen bonding distance to the proprionate group the A-ring of heme-2 (Figure 6B). Asp-73 forms a hydrogen bond to Gln-163 at the domain interface (Figure 5A) and to the A-ring proprionate of heme-1 (Figure 6A). Tyr-58 is involved in hydrophobic contacts at the domain interface (Figure 5A) and to heme-2 (Figure 6B) and forms hydrogen bonds to A-ring proprionates of heme-1 and heme-2 (Figure 6A). The hydrogen bond network in CytC-78 involves similar residues including Arg-65 of the N-terminal domain and Tyr-161 of the C-terminal domain forming hydrogen bonds at the domain interface (Figure 5B) and to the A-ring proprionates of heme-1 and heme-2 (Figures 6C,D, 7C). Tyr-52 forms a hydrogen bond to the A-ring proprionate of both hemes. Moreover, both tyrosines also provide hydrophobic contacts to heme-1 and heme-2, respectively (Figures 6C,D). Among the similar features in CytC-18 and CytC-78 are on the one hand the two tyrosine and one arginine residue pointing toward the proprionate contact site with their hydroxyl groups or guanidino group, respectively (Figure 7). On the other hand, in both cytochromes one of the oxygen atoms of the heme-2 D-ring proprionates remains without a hydrogen bonding partner (CytC-18: O2D, CytC-78: O1D). However, despite the general similarity of their the hydrogen bond networks, noteworthy unique features are two acidic residues (Glu-62, Asp-73) in CytC-18 in contrast to the basic Arg-174 in CytC-78.

The binding pockets of the heme centers were analyzed manually based on the prediction of hydrophobic contacts by LigPlot+ (Figure 6; Supplementary Figure 5). In CytC-18 both hemes show a more distinguished surrounding in their respective binding pockets (Supplementary Figures 5A–D) in comparison to the hemes in CytC-78 (Supplementary Figures 5E–H). Although the number of potential hydrophobic contacts is similar for both heme sites in CytC-18 (13 vs. 12), heme-1 appears to be more tightly surrounded by its contacts than heme-2. Of these hydrophobic contacts about a third is provided by aromatic residues in both binding-pockets (4 vs. 3). The heme centers in CytC-78 are surrounded by 13 and 12 hydrophobic contacts, respectively, of which 3 are aromatic in each of the binding pockets. In contrast to CytC-18, heme-2 appears to be more tightly surrounded by hydrophobic contacts provided by Met-150, Phe-151 and Ile-154 located in a loop region (Supplementary Figures 5G,H).

The high number of hydrophobic contacts in heme-binding sites contribute to the effective shielding of the heme centers from the access of surrounding solvent (Supplementary Figures 6A–D). Still, the D-ring proprionate groups of hemes-2 are accessible in both cytochromes. In CytC-18 this access site is surrounded by a large loop which might facilitate contact with an interaction partner during electron transfer (Supplementary Figure 6A). Heme-1 in CytC-18, however, seems to be accessible only via the nonpolar moiety of the C-ring. In CytC-78, on the other hand, both heme sites are accessible via the D-ring proprionates. Here, the heme-1 access site is dominated by basic residues (Arg-65 and Arg-174). At the heme-2 access site the hydrogen bond between Asn-176 (ND2) and the D-ring proprionate (O1D) is accessible.



3.3.2 Comparison of the redox center environments of CytC-18 and CytC-78 to Cyc41 of Acidithiobacillus ferrooxidans and c4 of Pseudomonas strutzeri

In all four compared cytochromes the hydrogen bond network at the domain:domain interface involves arginine, tyrosine and glutamine residues forming hydrogen bonds to the proprionate groups (Figure 6; Supplementary Figure 7). For heme-1, one arginine, two tyrosines and one glutamine residue appear to be conserved while for heme-2 only two tyrosine residues are conserved in all four cytochromes. A common feature of the acidophile-derived cytochromes CytC-18, CytC-78 and A.f. Cyc41 is the exclusion of the one of the oxygen atoms of their D-ring proprionate at heme-2 from the hydrogen bond network (O1D in A.f. Cyc41 and CytC-78; O2D in CytC-18). Another common feature is the asymmetry of their hydrogen bond network with the heme-1 proprionates involving a higher number of contacts as well as a different set of residues in comparison to the heme-2 proprionates. In contrast to that the proprionate groups of the hemes in P.s. c4 similarly form hydrogen contacts to one arginine, one lysine, one glutamine and two tyrosines. Another unique feature of P.s. c4 are the lysine residues (Lys-42, Lys-148) (Supplementary Figures 7C,D) where the hydrogen bond networks of the acidophile-derived cytochromes include polar, but uncharged asparagine or glutamine residues or in case of CytC-18 even acidic glutamate and aspartate residues. Apart from P.s. c4, there are also the unique features in the other cytochromes such as the restriction of arginine residues to the heme-1 proprionates in CytC-18 and CytC-78, and the third tyrosine residue forming a hydrogen bond to heme-1 in A.f. Cyc41.

Comparison of the Ligplots of A.f. Cyc41 (Supplementary Figures 7A,B) and P.s. c4 (Supplementary Figures 7C,D), reveals the much higher number of hydrophobic contacts within the heme-binding pockets of A.f. Cyc41 (20 and 19) in comparison to P.s. c4 (15 and 13). The fraction of aromatic residues among these contacts is also higher in A.f. Cyc41 with 4 and 3, respectively, compared to 2 in each heme-binding pocket in P.s. c4. In CytC-18 and CytC-78 the number of hydrophobic contacts is comparable to those in P.s. c4, but the higher number of aromatic residues increases their fraction to one third of the total number of hydrophobic contacts in comparison to one fifth in A.f. Cyc41 and P.s. c4. These structural aspects might result in the extended shielding of the heme site from the surrounding solvent. While in the acidophile-derived cytochromes at least one of the two heme centers appears to be less accessible (heme-1 in A.f. Cyc41, heme-2 in CytC-78) or is even completely buried within the domain core (heme-1 in CytC-18), both heme centers in P.s. c4 are widely accessible (Supplementary Figures 6, 8). Also, the porphyrin moieties of the heme centers appear to be more tightly shielded in the three acidophile-derived cytochromes (Supplementary Figures 6, 8A,B) in comparison to P.s. c4 (Supplementary Figure 8C, D).

Despite the observed symmetry of the hydrogen bond network and the accessibility of the both heme sites in P.s. c4, the distribution of water molecules in hydrogen-bonding distance is different for the proprionates of the two heme centers (Supplementary Figures 8C, D). While seven water molecules are surrounding the proprionates of heme-2, there are only two in the case of heme-1 (Table 3). Thus, the distribution of water molecules within the hydrogen bond network at the domain:domain interface suggests that the actual solvent accessibility in P.s. c4 is also different for the two heme centers. This is similar for A.f. Cyc41 where the more buried heme-1 has only one water molecule in hydrogen-bonding distance in comparison to eight in case of the solvent accessible heme-2. Interestingly, these water molecules might form hydrogen bonds with the otherwise free O1D atom of heme-2 (Supplementary Figure 8B). Although, we cannot evaluate this observation for CytC-18 and CytC-78, it is possible that the different heme accessibility of the two domains might determine the respective electron transfer partner in the respiratory chain.





4 Discussion

Our combined approach of electrochemical characterization of the three Ferrovum-derived recombinant redox proteins HiPIP-41 and the c4 cytochromes CytC-18 and CytC-78 and their structural comparison to homologs of acidophiles and neutrophiles contributed to the field on two levels: First, the comparison of their redox behavior and their structural models revealed aspects of structure function correlations in CytC-18 and CytC-78 that present starting points for future mechanistic studies and that result in further hypotheses on their function the respiratory chain of Ferrovum sp. PN-J47-F6. Second, the Em of the three Ferrovum-derived redox proteins were found to be more positive than their neutrophile-derived homologs, and being at the same time more negative than the Em-values of homologs of more extreme acidophiles. Thus, our findings not only amend the results of earlier reports with electrochemical data on three further redox proteins, but moreover suggest a gradual fine-tuning of the Em in adaptation to the acidity of their host’s preferred habitats. Moreover, our structural comparisons revealed shared structural features of the acidophile-derived redox proteins that might be attributed with their more positive redox potentials.


4.1 Electrochemical characterization of CytC-18 and CytC-78 suggests anti-cooperative effects between their heme centers

The spectroelectrochemical characterization of CytC-18 and CytC-78 indicates that the full redox transition occurs stepwise via two redox transitions at different potentials. These lower and higher potential redox transitions are attributable to the two heme centers covalently bound in the N-terminal (heme-1) and the C-terminal domain (heme-2) of the cytochromes. In CytC-18, the ΔEm between the lower and higher potential heme is 140 mV while it is 91 mV in CytC-78. With exception of P.a. c4 (Carpenter et al., 2020) and Cyt c4 of P. haloplanktis (Di Rocco et al., 2008) the two heme centers in homologous cytochromes were also characterized by individual Em-values (Leitch et al., 1985; Cavazza et al., 1996; Giudici-Orticoni et al., 2000; Malarte et al., 2005; Chang et al., 2010; Carpenter et al., 2020). The two sequential redox transitions resulted in a double-sigmoidal shape of the absorption potential curves of CytC-18 and CytC-78 which was more clearly defined in case of CytC-18. Theoretically, this curve shape reflects the modeled redox behavior of a two-center redox protein with non-interacting Em-values (Catarino and Turner, 2001; Chi et al., 2010). However, for both cytochromes the lower potential redox transition only corresponded to approx. 25% of the total absorption change between the fully reduced and fully oxidized state while the higher potential redox transition corresponded to 75%. This observation suggests that the redox state of one heme center affects the Em of the other heme reflecting an anti-cooperative redox interaction (Zickermann et al., 1995) between the two heme centers in CytC-18 and CytC-78. Similar observations were also reported between hemes a and a3 in the cytochrome c oxidase of Paracoccus denitrificans (Gorbikova et al., 2006), hemes b and c1 in the P. denitrificans bc1 complex (Covian et al., 2007) or hemes b558 and b595 of the E. coli cytochrome bd oxidase (Bloch et al., 2009).

The analysis of the heme-heme geometry and the Fe-Fe distances highlighted a another common structural feature of CytC-18, CytC-78, A. f. Cyc41, and P.s. c4. Both heme centers are located in the same plane and in face-to-face orientation according the classification of de March et al. (2015). The spatial separation of the hemes in individual domains together with their face-to-face orientation leads to long distances Fe-Fe distances of 18.2 Å (CytC-18) and 19.2 Å (P.s. c4). This heme geometry affects the mode of electron transfer between the two redox centers. In the cytochrome c oxidase (Tan et al., 2004) or the decaheme outer membrane cytochromes MrtC and OmcA of Shewanella oneidensis (Tikhonova and Popov, 2014) the close proximity of the redox centers allows the rapid electron transfer via electron tunneling. Since this mode requires distances between the redox centers of less than 14 Å (Page et al., 1999), the electron transfer in CytC-18, CytC-78, A. f. Cyc41 and P.s. c4 is more likely to be realized via proton-coupled electron transfer (Huynh and Meyer, 2007). The slightly tilted angle of their hemes together with the face-to-face geometry results in the close proximity of the respective A-ring proprionates at the domain:domain interfaces. The four proprionate groups in each cytochrome are involved in a complex hydrogen bond network involving numerous residues of both domains. The experimentally solved structures of P.s. c4 and A.f. Cyc41 also included water molecules at the domain:domain interface which are also likely to be part of this hydrogen bond network. These hydrogen bond networks in all four c4 cytochromes present the pre-requisite of the proton-coupled electron transfer in a pre-association phase by minimizing the proton tunneling distance (Huynh and Meyer, 2007).



4.2 The character of the interdomain contacts in CytC-18 and CytC-78 might contribute to their different redox behavior

The constitution of the hydrogen bond network at the domain:domain interface might affect the redox kinetics of the cytochromes (Crowley and Ubbink, 2003). Although we did not determine kinetics parameters in the present study our electrochemical characterization of the Ferrovum-derived cytochromes strongly suggests that CytC-18 and CytC-78 harbor individual redox behaviors as was indicated by the different potential windows necessary for the full redox transition and the different degree of hysteresis between the oxidative and the reductive potential sweeps. The overall constitution of hydrogen bond network is very similar in CytC-18 and CytC-78. However, the most prominent differences present the acidic aspartate and glutamate residues in proximity of the heme-1 proprionate groups in CytC-18. They are expected to be fully protonated at pH 3.1 and are thus uncharged but also potential donors and acceptors of hydrogen bonds. In contrast to that, the hydrogen bond network of the heme-1 proprionate groups in CytC-78 involves an additional arginine residue which is not only a potential hydrogen bonding partner but also carries a positive charge at the guanidino group. Apart from the influence of the hydrogen bond network on the interdomain electron transfer also the dynamics of the domain:domain association is thought to play a central role for the redox activity of a protein (Camacho et al., 1999; Crowley and Ubbink, 2003). Indeed we observed differences in the nature of contacts at the domain:domain interfaces in CytC-18 and CytC-78. While the domain interface of CytC-18 involves more hydrogen bonds than the interface in CytC-78, the situation is vice versa with respect to the number of hydrophobic contacts. Since hydrophobic contacts act in longer range than hydrogen bonds (Israelachvili and Pashley, 1982; Onofrio et al., 2014) the different nature of interdomain contacts in the two Ferrovum-derived cytochrome is probably affecting the association dynamics and thereby the intramolecular electron transfer kinetics.



4.3 The constitution of the cofactor binding pockets appears to be the major influencing factor for the more positive Em in acidophile-derived C4 cytochromes

In their comparative study on structure and function correlations involving 33 heme-binding proteins with experimentally solved structures Smith et al. (2010) did not identify clear connections between the cytochrome’s Em and specific structural features. They have instead postulated that a combination of various structural features influence the Em. We focused our structural comparison therefore on hydrophobic contacts in the heme binding pockets and heme solvent accessibility, because they have already been identified as a central Em influencing factor in other redox proteins (Di Rocco et al., 2008, 2011; de March et al., 2015; Hosseinzadeh et al., 2016; Carpenter et al., 2020). The structural comparison of CytC-18, CytC-78, A.f. Cyc41, and P.s. c4 revealed that the heme centers in A.f. Cyc41 formed the highest number of hydrophobic contacts to their binding pockets. The total number of hydrophobic contacts in the other three cytochromes was similar, but CytC-18 and CytC-78 harbored the largest fraction of aromatic residues among these contacts. During the purification and concentration procedure of CytC-78 and CytC-18 we indeed observed a long stability of the fully reduced state of CytC-78 or partly reduced state of CytC-18 (Ullrich et al., 2023), respectively, while P.s. c4 was observed to quickly oxidize during the crystallization process in absence of an chemical oxidant (Kadziola and Larsen, 1997). Thus, the higher number of hydrophobic contacts or aromatic residues in proximity of the heme center might indeed result in the more effective shielding of the heme centers in the acidophile-derived cytochromes as was suggested by their structural models. However, the domain:domain interface, and thereby the hydrogen bond network involving the heme proprionates and residues of both domains, appears to be equally accessible for solvent water molecules since the number of water molecules at the interface of A.t. Cyc41 (7) and P.s. c4 (9) was similar.

Besides the above discussed contacts in the heme-binding pocket, other structural aspects were discussed as influencing factors of the Em, such as non-planar distortions of the heme porphyrin ring that have also been identified to effect the heme’s redox properties by influencing the Em, transition dipoles and axial ligand affinity (Shelnutt et al., 1998; Smith et al., 2010). In case of A.f. Cyc41 and P.s. c4 no distortion of the porphyrin ring structure has been reported (Kadziola and Larsen, 1997; Abergel et al., 2003; Carpenter et al., 2020). An overall structural similarity of CytC-18 and CytC-78 to A.f. Cyc41 and P.s. c4 leads us assume that the heme centers in the Ferrovum-derived cytochromes do also not have any structural distortions. Furthermore, mutant studies demonstrated that the presence of polar or charged residues in close proximity to the heme iron decreased the Em. The disruption of a hydrogen bond to the histidine axial ligand in myoglobin increased its Em (Bhagi-Damodaran et al., 2014). This effect was explained by the increase of the positive character of the Nε-atom of the histidine axial ligand and the thereby reduced electron donating ability of its imidazole ring toward the heme iron (Valentine et al., 1979). The exchange of aliphatic residues providing hydrophobic contacts to the porphyrin ring system by acidic or polar residues similarly resulted in the Em becoming up to 200 mV more negative than in the wildtype myoglobin (Varadarajan et al., 1989). Specific electrostatic contacts between the protein chain and the heme center indeed present interesting starting points for future studies. These will also require experimental structure determination because electrostatic interactions require a close proximity of the partners, and thus a high-resolution structure of the protein is needed to study them.



4.4 The more positive Em-values in acidophile-derived HiPIPs might be attributed to additional cysteine residues

The Em of HiPIP-41 is approx. 240 mV more positive than that of HiPIP 1Isu of R. tenuis and similar to the Em of Hip of A. ferridurans. The covalent binding of the [4Fe-4S]-cofactor by four highly conserved cysteines resulting in its tight shielding from the solvent is acknowledged to cause the far more positive Em in comparison to ferredoxins (Carter et al., 1972; Dey et al., 2007). Moreover, fewer hydrogen bonds between peptide bonds of the protein backbone and the cysteine sulfur atoms were detected in HiPIPs in contrast to ferredoxins (Backes et al., 1991), resulting in a lower polarity of the cofactor environment in HiPIPs (Heering et al., 1995). Beside the similar electrostatic contacts in the cofactor environment, the total number of hydrophobic contacts in the cofactor binding pocket was also similar in the structural models of HiPIP-41, HiPIP 1Isu and Hip, resulting in the anticipated complete burial of their cofactors and the effective shielding from the surrounding solvent. Moreover, the superimposition of the three structural models showed a high structural similarity and the conserved positions of the hydrophobic contacts. Since aromatic residues are anticipated to contribute to the cofactor stability by supporting its tight shielding from the protein’s surrounding solvent (Agarwal et al., 1995; Iwagami et al., 1995), their high level of conservation was not surprising. However, with respect to non-aromatic residues only their position within the protein sequence and structure were conserved but not the residues themselves. In this context, we did not identify any correlations between the size or the degree of hydrophobicity of the hydrophobic contacts and the Em.

However, the most remarkable structural feature of HiPIP-41 and Hip present the two additional cysteine residues. In Hip, Cys-52 and Cys-84 form a disulfide bridge which was assumed to contribute to the acid stability of the protein (Nouailler et al., 2006). In HiPIP-41, Cys-50 and Cys-55 are located in the core of the protein and Cys-53 is oriented toward the cofactor. These two additional cysteines were found to be highly conserved in the HiPIPs of Ferrovum spp., but they are not found in homologous proteins in neutrophilic relatives (Ullrich et al., 2023). Since cysteine residues were classified as very hydrophobic due to their very frequent location within a protein’s hydrophobic core (Janin, 1979; Rose et al., 1985), we propose that they might indeed contribute to the hydrophobic character of the surrounding of the [4Fe-4S]-cofactor and thereby modulating the Em in the acidophile-derived HiPIPs. The HiPIP Iro from A. ferrooxidans with a very positive Em of 630 mV (Yamanaka and Fukumori, 1995), however, does also not contain any additional cysteine residues (Nouailler et al., 2006).

Apart from the solvent accessibility of the [4Fe-4S]-cofactor and the very hydrophobic character of its binding pocket, also the polarity of the cluster environment (Heering et al., 1995; Stephens et al., 1996), the general surface charge of the protein (Banci et al., 1995; Stephens et al., 1996; Capozzi et al., 1998) and the position of polar patches on the protein’s surface (Babini et al., 1998; Parisini et al., 1999) have been discussed as Em modulating factors. The surface of HiPIP 1Isu is characterized by the presence of patches with both negative and positive electrostatic potential caused by acidic, basic and polar residues being exposed to the surface (Rayment et al., 1992). In contrast, the surface of HiPIP-41 is characterized by large patches of neutral surface electrostatic potential or patches with slightly positive electrostatic potentials (Ullrich et al., 2023). With respect to missing data on the surface charge of Hip it is difficult to evaluate its potential influencing effect of the overall surface charge on the Em. An earlier study of Babini et al. (1998) has indeed demonstrated how the mutation of a surface exposed histidine influences the Em and the redox kinetics of the HiPIP of Chromatium vinosum. Residues Tyr-54 and Asn-27 in HiPIP-41 might present candidates for similar studies since they are in contact with both, the cofactor-binding pocket and the surface of the protein.



4.5 Implications on the organization of the electron transfer chain in Ferrovum sp. PN-J47-F6

Based on our structural analyses and comparisons, we propose that the N-terminal hemes (hemes-1) in CytC-18 and CytC-78 are the higher potential hemes and the C-terminal hemes (hemes-2) the lower potential hemes. In CytC-18, heme-1 is more tightly surrounded by aliphatic and aromatic residues resulting in its deep burial within the protein core and an efficient shielding from the surrounding solvent. Similar observations were reported for the N-terminal heme center of Cyc41 (Abergel et al., 2003) and the C-terminal heme center of P.s. c4 (Nissum et al., 1997; Carpenter et al., 2020), respectively. Moreover, we assume that the tighter shielding of the N-terminal heme center in CytC-18 in comparison to the C-terminal heme results in the observed larger ΔEm by increasing the Em of the higher potential heme in comparison to the lower potential heme. The heme binding-pockets in the N- and C-terminal domains in CytC-78 have a more similar appearance which we assume contributes to the smaller ΔEm of its hemes. Still, the overall similar number and nature of hydrophobic contacts in the heme-binding pockets of both Ferrovum-derived cytochromes lead us to infer that the higher potential heme is associated with the N-terminal domain in both cytochromes.

The different location of the higher and lower potential hemes in the acidophile-derived c4 cytochromes CytC-18, CytC-78, and A. f. Cyc41 in contrast to P.s. c4 might reflect the different organization of the electron transfer chains. While CytC-18, CytC-78, and Cyc41 accept electrons from a soluble redox protein with a very positive Em (HiPIP-41 or rusticyanin) to transfer them further downhill to the cytochrome c oxidase in the inner membrane (Giudici-Orticoni et al., 1999; Ullrich et al., 2023), P.s. c4 shuttles electrons between inner membrane complexes III and IV (Smith et al., 1981; Kadziola and Larsen, 1997). The C-terminal domain of P.s. c4 was proposed to interact with the cytochrome c oxidase (Iwata et al., 1995; Tsukihara et al., 1995) suggesting that the higher potential heme transfers electrons further downhill to the terminal oxidase. A mutant study of Cyc41 variants (Malarte et al., 2005) and a computational docking study (Jiang et al., 2021) draw a similar conclusion for the interaction of Cyc41 in the electron transfer chain in A. ferrooxidans, suggesting that the C-terminal lower potential heme accepts electrons from rusticyanin while the N-terminal higher potential heme transfers them downhill to the aa3-type cytochrome c oxidase. Expanding this conclusion to CytC-18 and CytC-78, we propose that the C-terminal domains with the lower potential hemes interact with HiPIP-41 in the electron transfer chain of Ferrovum sp. PN-J47-F6.

With respect to the electron acceptors of CytC-18 and CytC-78 only educated guesses are possible at this stage of our current research. In A. ferrooxidans, Cyc41 (Cyc1) has a slightly more positive Em than CycA1 (Cavazza et al., 1996; Giudici-Orticoni et al., 2000). While Cyc41 transfers electrons downhill to the aa3-type cytochrome c oxidase, CycA1 transfers a smaller fraction of electrons uphill to the bc1 complex (Bird et al., 2011). The encoding gene of Cyc41 is localized directly downstream of the gene encoding the outer membrane monoheme cytochrome Cyc2 (Valdés et al., 2008). In Ferrovum sp. PN-J47-F6, the gene coding CytC-18 or its homolog in Ferrovum spp. is localized directly downstream of the Cyc2-like encoding gene (Ullrich et al., 2018). Based on the genetic organization of its encoding gene and its slightly more positive Em, we propose that CytC-18 transfers electrons downhill to the ccb3-type cytochrome c oxidase while CytC-78 interacts with the bc1 complex within the uphill branch of the electron transfer chain.
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Nutrient structure dynamics and microbial communities at the water–sediment interface in an extremely acidic lake in northern Patagonia
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Lake Caviahue (37° 50 ‘S and 71° 06’ W; Patagonia, Argentina) is an extreme case of a glacial, naturally acidic, aquatic environment (pH ~ 3). Knowledge of the bacterial communities in the water column of this lake, is incipient, with a basal quantification of the bacterioplankton abundance distribution in the North and South Basins of Lake Caviahue, and the described the presence of sulfur and iron oxidizing bacteria in the lake sediments. The role that bacterioplankton plays in nutrient utilization and recycling in this environment, especially in the phosphorus cycle, has not been studied. In this work, we explore this aspect in further depth by assessing the diversity of pelagic, littoral and sediment bacteria, using state of the art molecular methods and identifying the differences and commonalties in the composition of the cognate communities. Also, we investigate the interactions between the sediments of Lake Caviahue and the microbial communities present in both sediments, pore water and the water column, to comprehend the ecological relationships driving nutrient structure and fluxes, with a special focus on carbon, nitrogen, and phosphorus. Two major environmental patterns were observed: (a) one distinguishing the surface water samples due to temperature, Fe2+, and electrical conductivity, and (b) another distinguishing winter and summer samples due to the high pH and increasing concentrations of N-NH4+, DOC and SO42−, from autumn and spring samples with high soluble reactive phosphorus (SRP) and iron concentrations. The largest bacterial abundance was found in autumn, alongside higher levels of dissolved phosphorus, iron forms, and increased conductivity. The highest values of bacterial biomass were found in the bottom strata of the lake, which is also where the greatest diversity in microbial communities was found. The experiments using continuous flow column microcosms showed that microbial growth over time, in both the test and control columns, was accompanied by a decrease in the concentration of dissolved nutrients (SRP and N-NH4+), providing proof that sediment microorganisms are active and contribute significantly to nutrient utilization/mobilization.
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Introduction

The role of the bacterial communities in the biochemical transformation of organic matter, both particulate and dissolved, is fundamental to the nutrient structure dynamics, and energy flow in aquatic systems (Wetzel, 2001; Song et al., 2011; Dai et al., 2016). These communities are also key in the biogeochemical cycling of elements that serve as nutrients for microorganisms at the base of the food web (Logue and Lindström, 2008) and compete for inorganic and organic nutrients with algae (Kamjunke et al., 2008).

In freshwater lakes, sediments and their associated pore water interact closely. In this sense, there is a constant transfer of bacteria between habitats with the consequent alteration of the cognate microbial communities, as reflected by changes in the patterns of bacterial occurrence and diversity (Keshri et al., 2017). According to Bloesch (2009), the sediment–water interface is a zone of intensive decomposition of organic matter caused by bacteria. Sediment, especially in the pore water and near the sediment–water interface, plays an important role in removing and precipitating chemical elements from surface water and/or releasing them into the water column (Donahoe and Liu, 1998; Cook et al., 2018). In this way, the nutrient fluxes at the water–sediment interface are not only influenced by the nutrient concentration gradient between these compartments, but also by the content and composition of organic matter and the activity of bacteria, among others (Song et al., 2011; Zhang et al., 2013, 2018).

According to Keshri et al. (2017), sediments are characterized by high microbial biomass and taxon richness compared to the upper water column. These receive a high deposition of microbes and organic matter from the upper water layer and provide a matrix of complex nutrients and solid surfaces for microorganism’s growth. In this way, sediment bacteria play a vital role in the degradation and transformation of organic matter (Keshri et al., 2017) and nutrients (e.g., dissolved organic carbon, nitrogen, and phosphorus) (Dai et al., 2016; Zhang et al., 2018). Changes in the composition of microbial communities can significantly impact the biogeochemical environments of sediments (Song et al., 2011). Experiments performed by Gachter et al. (1988) suggested that sediment’s bacteria can rapidly take up and release soluble reactive phosphorus (SRP), depending on redox conditions, but the sterilization of oxic sediments decreased their SRP sorption capacity. Likewise, Song et al. (2011) concluded that the total phosphorus (TP) concentration of sediments from Lake Dongping (China) was determinant for the sediment bacterial community structure. Also, given that the heterotrophic bacterioplankton and the autotrophic phytoplankton in the water column of a water-body may be limited by different nutrients, an increase in the nutrient load may have different effects on bacterial and algal biomass and diversity (Danger et al., 2007; Xu et al., 2014). Consequently, investigating the composition of the bacterial community is indispensable to properly understand microbial processes and mater cycling in lakes (Keshri et al., 2017).

Several studies have focused on understanding the trophic status and microbial communities’ composition and variations in acidic environments generated by acid mine drainage (Löhr et al., 2006; He et al., 2019; Lukhele et al., 2019) or caused by sulfide/sulfate weathering in brine lakes (Escudero et al., 2018; Zaikova et al., 2018; Sánchez-España et al., 2020). The studies on the microbiota of sediments from acidic environments are yet more scant (Wassel and Mills, 1983; Rao et al., 1984; Falagán et al., 2015; Zhang et al., 2018; Aerts et al., 2019; Willis et al., 2019). Even if similarities and differences of bacterial richness and diversity in water columns in acidic environments is beginning to emerge (García-Moyano et al., 2012; Hou et al., 2019; Arce-Rodríguez et al., 2020; Grettenberger et al., 2020), our current understanding of the types of microorganisms and the roles exerted by them in sediments from natural volcanic acidic lakes in comparison with anthropogenic acidic lakes is very limited (e.g., Rincón-Molina et al., 2019).

Among acidic volcanic lakes in the word, Lake Caviahue (Patagonia, Argentina) has a number of particularities that differentiate it from other basins studied thus far: it has developed entirely in a volcanic rock environment, and the lake lodges in a volcanic depression (Delpino et al., 1997) eroded by glacial action (Pesce, 1989). The water chemistry has been extensively studied (Pedrozo et al., 2001; Gammons et al., 2005; Geller et al., 2006; Parker et al., 2008; Varekamp, 2008; Varekamp et al., 2009). Phytoplankton and zooplankton diversity are low in this environment (Pedrozo et al., 2001), with Chlorophyta Trebouxiophyceae Keratococcus rhaphidioides as dominant species (>90% of the total abundance) (Beamud et al., 2007). A few other species (Pseudococcomyxa simplex, Watanabea sp., Chlamydomonas acidophila, Ochromonas sp., and Palmellopsis sp.) have also been found in the lake in low numbers. The only representative of the zooplankton community is a species of Bdelloideo rotifer, Philodina sp. The trophic web in Lake Caviahue is simple: there are no copepods or crustaceans, and no fish (Beamud et al., 2010). Understanding of the diversity and ecological roles of microbial communities within the water column of Lake Caviahue is still incipient, with reported basal quantifications of the bacterioplankton abundance and distribution in the North and South Basin of the lake, and the described the presence of sulfur and iron oxidizing bacteria in the lake sediments (Pedrozo et al., 2001; Wendt-Potthoff and Koschorreck, 2002).

The aim of this work was to study the role that bacterioplankton plays in nutrient utilization and recycling, especially in the phosphorus cycle, in acidic Lake Caviahue. Specifically, the use of nutrients in interstitial water and at the water–sediment interface by sediment bacteria was studied to further understand the nutrient dynamics in natural acidic lakes. On the other hand, we have assessed the diversity of pelagic, littoral and sediment microbial communities using state of the art molecular methods, identifying the variations and ecological relationships of the communities of each strata.



Materials and methods


Study area

Lake Caviahue (Figure 1A) is a large lake carved by glaciers. It is located inside the Caviahue caldera at 1,600 meter above sea level (m.a.s.l), within the Copahue-Caviahue Provincial Park (37° 50 ‘S and 71° 06’ W). It is an extremely acidic lake (pH 2.0–3.0) (Pedrozo et al., 2001, 2008a) due to the influence of the Upper Agrio river (UA). This river is born at 2740 m.a.s.l. on the eastern slope of the Copahue Volcano (Figure 1), and is located approximately 200 m below the crater rim (Agusto and Varekamp, 2016). The UA (1.10 m3 s−1) forms a delta as it empties into Lake Caviahue, providing water with pH between 0.78–3.50 (20-year range). The lake, with an area of 9.2 km2, has a horseshoe shape open to the east, presenting two arms: North Arm (NA; maximum depth of 95 m) and South Arm (SA; maximum depth of 72 m). Water residence time varies between 2.6 (Rapacioli, 1985) to 3.5 (Varekamp, 2003, 2008) years. The lake stratifies thermally between January and March (thermocline between 20 and 40 m depth), and during the rest of the year it remains mixed or with a very low temperature gradient (Beamud et al., 2007).
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FIGURE 1
 Study area and Lake Caviahue characteristics. (A) Map of the study area at Neuquén province, Argentina. Sampling at Lake Caviahue (LC) at deepest depth in the North (NA, 95 m) and South (SA, 65 m) arms. (B) Profile of Lake Caviahue’s northern arm at its point of maximum depth. Sampling points: CSW: costal shallow water, EPI: epilimnion (at 5 m), metalimnion (at 20 m), and bottom sediments samples: 0–2 cm, 2–4 cm, and 4–6 cm layers. Dashed line (purple): location of the sampling sites in the NA and SA.




Sample collection and field procedures

Samples were collected from pelagic and littoral waters and sediments of the NA of Lake Caviahue (Figure 1A). The NA littoral shallow waters samples (CSW) were obtained from the water column in February 2019. A total volume of 25 L of water was collected in plastic drums, disinfected with 70% ethanol, and rinsed with water from the collection point (37.86522 S 71.03700 W), with the help of a transfer pump. The sample was decanted and prefiltered through sterile 3 mm Whatman filters to remove particulate matter, and then filtered through 0.22 μm pore sizes filters with a 500 mL Nalgene vacuum filtration system. The saturated filters were stored at −20°C during the field campaign, and then kept at −80°C until processing.

At the deepest point of NA (95 m) and SA (72 m), water column samples for chemical analysis and bacteria abundance were taken from three depths: surface (EPI, epilimnion, 5 m), middle (MET, metalimnion, 20 m) and bottom layer (BTL) at the maximum depth (Figure 1B). Sampling was performed once per season (summer, autumn, winter and spring), throughout the years 2016–2017. In this work, the bottom water sample corresponds to the water–sediment interface recovered from the first 10 cm of water above the sediments surface. This zone is the one with the greatest interaction in nutrient exchange between sediments and the water column (Golterman, 2004). Water samples were taken with a Van Dorn bottle (3.5 L capacity PVC Vertical Water Bottle). The samples were stored in plastic containers under cold and dark conditions (APHA, 2017), until further analysis in the laboratory. Bottom samples were collected by siphoning the water of the first centimeters (5 cm) above the sediment core which was obtained using a UWITEC (USC 06000) sampler with an acrylic tube of 6 cm in diameter and 60 cm in length.

Water column temperature, pH, conductivity, and oxygen were measured in situ with a multiparameter probe (YSI 6600 V2 or Hanna HI9829). Transparency was measured with a Secchi disk. In water-column samples, total phosphorus, and nitrogen (TP and TN, respectively) were determined on the unfiltered fraction, while dissolved phosphorus (SRP) and ammonium (N-NH4+) on the filtered fraction (0.45 μm pore). All chemical analyses were carried out by spectrophotometry (Metrolab 1,100 spectrophotometer): nutrients (TP, SRP, and N-NH4+) according to recommendations to APHA (2017); Golterman et al. (1978) and Grasshoff et al. (1983); sulfates (SO42−) were determined by turbidimetry (Method Hach 8,051); total iron (TFe), ferrous ion (Fe2+), and aluminum (Al3+) were determined according to Hach methods (No: 8008, 8,146 and 8,012, respectively). Ferric ion (Fe3+) was calculated as the difference between TFe and Fe2+. Dissolved Organic Carbon (DOC) was determined on a filtered sample (0.22 μm pore glass filter, previously muffled) with a total C analyzer at the Institute of Theoretical and Applied Physicochemical Research (INIFTA-CONICET). The N:P ratio was calculated based on the mass of these dissolved nutrients.



Nutrient limitation bioassays

Laboratory bioassays were performed with the addition of different sources of P, N and C to evaluate the importance of these nutrients in bacteria and algae growth. Four treatments were performed: Control (no nutrients added), PO3 (P addition), N-NH4+ (ammonium addition), and arginine (organic N and C addition). The ratio of nutrients added in each treatment was done according to Beamud et al. (2010). Incubations were carried out in 500 mL glass bottles, with surface water of the lake (EPI). Three replicates per treatment and control were performed. The flasks were kept at the following controlled conditions: 8°C, 14/10-h light/dark cycle with cool white fluorescent tubes, ~100 μmol photon m−2 s−1. Four setups were performed to study the nutrient limitation for bacteria, algae, and the competition between them: (a) Bacteria present in the lake water, bacteria counts; (b) Bacteria and Algae combined, bacteria counts; (c) No Bacteria, only Algae, algae counts, and (d) Bacteria and Algae combined, algae count. Bacterial and algal abundances (cells mL−1) were determined at the initial day, and at days 3, 5 and 7 of the bioassays. Experimental settings were as follows: (1) Bacteria, lake water was filtered through 3 μm pore membrane filters to eliminate plankton cells >3 μm (procariotyc and eukariotiyc cells); (2) Algae, lake water was filtered through 0.22 μm pore membrane filters to eliminate bacteria cells; (3) Bacteria + Algae, unfiltered lake water and 4 mL of algal inoculum (ca. 9,000 cells mL−1) of Keratococcus rhaphidioides, the only algae species of the phytoplankton present at the moment of the sampling. Bacteria were counted after staining with acridine orange (Hobbie et al., 1977) using an epifluorescence microscope Olympus BX51. Algae were counted under an inverted microscope Leica DM IL LED using Utermöhl technique (Wetzel and Likens, 1991).



Contribution of sediment bacteria to the release/retention of nutrients bioassays

To evaluate the contribution of sediment bacteria to the release/retention of nutrients, continuous flow experiments were carried out from samples collected [water with Van Dorn bottle and sediments with a surface corer USC 06000 (UWITEC GmbH) in April 2018, in the NA (95 m deep)]. The water and sediment samples were preserved in cold and darkness until the beginning of the experiments, in accordance with the recommendations of APHA (2017). The experiments were carried out, in triplicate, in cylindrical PVC containers with a diameter of 10 cm and a length of 60 cm. In each container, sediment (250 g) and lake water (0.9 L), filtered through 20 and 55 μm pore nets to remove phyto- and zooplankton respectively, were placed in an approximate ratio of 5:3 sediment/water, according to Clavero et al. (1999). Two treatments were established: (1) Control, unsterilized sediment and unfiltered water, and (2) Treatment, unsterilized sediment and filtered water (0.22 μm pore) planktonic prokaryots.

The batches were allowed to stabilize for 10 h to reach the initial equilibrium conditions. All containers were kept at room temperature (20°C), aeriated (using an aerator), and in the dark. The supplied air was maintained sterile using a PES-Syringe prefilter (0.45 μm). The experiments lasted 9 days. At 0 and 9 days of incubation, 500 mL of water were extracted, and the following parameters were measured: T°, pH, conductivity, and redox potential (specific electrodes). Also, the concentrations of dissolved nutrients (PRS and N-NH4+) were analyzed, according to APHA (2017). Bacterial abundance (cells mL−1) was counted as described above. The diversity of microbial communities was determined by sequencing techniques.



Data analysis

To study the relationships between the different environmental variables studied seasonally at Lake Caviahue (NA and SA) and the bacteria, a Principal Component Analysis (PCA) was carried out. The variables used in the analysis were: temperature, pH, Electrical Conductivity (EC), Dissolved Organic Carbon (DOC), Soluble Reactive Phosphorus (SRP), N-NH4+, Fe2+, Fe3+, TFe, SO42−, and bacterial abundance, while individuals were the 24 seasonal sampling dates.

To determine treatment effects in the nutrient limitation bioassays performed in the laboratory, a Factorial ANOVA was performed. Two factors were considered: treatment (4 levels: Control, +P, +N, +NC) and time (3 levels: days 0, 3, and 7). The variable under analysis was bacterial biomass. When the results of the ANOVA were significant (5% significance), the appropriate a posteriori tests were performed.

The contribution of sediment bacteria to the release/retention of nutrients was evaluated by a Two-way ANOVA with two factors: treatments (2 levels: Control and Treatment) and time (2 levels: days 0 and 9), with 5% significance. The variables under analysis were SRP and N-NH4+ concentrations and bacterial abundance. When ANOVA results were significant, appropriate a posteriori tests were performed.



DNA isolation, library construction, and sequencing

Filters with bacteria stored at −80°C were used in community DNA extraction. Prior to DNA extraction, the filters were sheared (0.5 mm2) with sterile scissors. The pieces obtained from 4 filters were placed in a 2 mL Eppendorf tubes, to which 1 mL of Buffer TE 1X was added. After vigorous vortexing, the cell suspension and the chopped filters were subjected to DNA extraction using Phenol-Chloroform-Isoamyl Alcohol, following the recommendations of Nieto et al. (2009). The DNA obtained was purified using the Genomic DNA Clean and Concentrator® kit (Zymo), quantified by fluorescence using the Quant-iT™ PicoGreen™ dsDNA kit (ThermoFisher), and its quality was verified by spectrometry. High quality DNA was used in the preparation of sequencing libraries, for community analyses.

Amplification of the 16S rDNA V4 region was performed with the primers 515F and 806R in a reaction mixture (final volume 50 μL) consisting of 100 ng of DNA, 10 μM of each primer, 10 mM of dNTPs, and 0.5 μL of Herculase II Fusion DNA Polymerase (Agilent). Amplification conditions used were as follows: initial denaturation at 95°C for 2 min, 30 cycles at 95°C for 20 s, 55°C for 20 s, and 72°C for 30 s, and a final extension at 72°C for 3 min. PCR amplicons were purified with the QIAquick Gel Extraction Kit (Qiagen) and their concentration was determined with the PicoGreen® kit (Turner BioSystems, Inc.). Shotgun and amplicon metagenomic libraries for 150 bp insert size were constructed using the Nextera XT DNA Library Preparation Kit (Illumina). The shotgun DNA library was sequenced on an Illumina HiSeq platform (150 bp paired-end reads) at CD Genomics1 in New York, United States. Sequencing throughput achieved was 23 million of PE reads. Amplicon libraries were sequenced at MiSeq platform (150 bp paired-end reads) at INDEAR Argentina. Approximately 0.5 million 150-bp PE reads were generated, with an average of 65 thousand sequence PE reads per sample.



Sequence manipulations and bioinformatics analyses

The sequence quality was checked using fastqc v0.11.5 (Babraham Bioinformatics, 2019), and adapter removal and trimming was done with fastp v0.23.1 (Chen et al., 2018). The amplicon reads with a > Q20 quality score were retained, then the clean amplicon sequence data were processed using the Amplicon Denoising Algorithm DADA2 (Callahan et al., 2016) using these parameters (−-p-trunc-len-f 300; −-p-trunc-len-r 240; −-p-min-fold-parent-over-abundance 4). The resulting Amplicon Sequence Variants (ASVs) with abundance higher than 1 sequence where taxonomically assigned against the SILVA 16S rRNA database 138 (Yilmaz et al., 2014) using classify-sklearn. Denoising, forward and reverse merging, chimera detection, taxonomic assignment, diversity indexes and rarefaction calculations were done with the platform QIIME2 v2021.8 (Estaki et al., 2020). In the case of the shotgun sequencing, reads with a > Q35 quality score were retained, and de novo assembled using SPAdes v3.15.2 (Bankevich et al., 2012) built-in in the pipeline SqueezeMeta v1.5.1 (Tamames and Puente-Sánchez, 2019). Parameters ¨-m sequential -t 90 -a spades -assembly_options ––meta --only-assembler y -t 90¨ were used. Downstream analyses including contigs assembly statistics, ORF prediction and annotation, were performed using the SqueezeMeta built-in software (Laslett and Canback, 2004; Hyatt et al., 2010; Schmieder and Edwards, 2011; Lan et al., 2012; Buchfink et al., 2014; Seeman, 2017) and the following databases: GenBank (Clark et al., 2016), eggNOG (Huerta-Cepas et al., 2017), KEGG (Kanehisa and Subramaniam, 2002), and Pfam (Finn et al., 2014), updated on June of 2022. Plots were done with open-source R v4.2.1, using the following libraries (factoextra, datasets, dplyr, forcats, ggfortify, ggplot2, hrbrthemes, igraph, plotly, tidyr, tidyverse, viridis). Metagenomics sequences used in this study were deposited at the National Center for Biotechnology Information (NCBI) under the BioProject accession ID PRJNA1034071.




Results


Physicochemical characterization

To characterize the current stratification patterns of Lake Caviahue and the changes (physical, chemical and biological) occurring in these patterns according to seasons, the physicochemical characterization of waters was performed. Seasonal average values and ranges of the physico-chemical parameters, nutrient concentrations and bacterial abundance of the water column and sediments samples collected from both arms (NA and SA) of Lake Caviahue (Figure 1), are show in Table 1. Samples designation is summarized in Supplementary Table 1. The average values of the NA parameters for each stratum of the lake are shown in Figure 2.



TABLE 1 Seasonal average values (and ranges) of chemical parameters and bacterial abundance in Lakes Caviahue.
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FIGURE 2
 Seasonal average values of physicochemical parameters (A) and nutrient concentrations (B) in NA of LC in depth: pH, T (temperature, °C), Cond (electrical conductivity, μS.cm−1) TP (total phosphorus, μg L−1), SRP (soluble reactive phosphorus, μg L−1), N-NH4+ (ammonia, μg L−1), DOC (dissolved organic carbon, mg L−1), SO42− (sulfates, mg L−1), TFe (total iron, mg L−1), Fe2+ (ferrous ion, mg L−1), and Fe3+ (ferric ion, mg L−1). (C) PCA biplot for 24 samples and 11 environmental variables of the Lake Caviahue. Samples and sample abbreviations are described in Supplementary Table 1. Variables: pH, T (temperature), EC (electrical conductivity), SRP (soluble reactive phosphorus), N-NH4+ (amonia), DOC (dissolved organic carbon), SO42− (sulfates), TFe (total iron), Fe2+ (ferrous ion) and Fe3+ (ferric ion) and Bacteria. Labels: first letter denote arm of the lake (N, S), second letter is for the depth (e: epilimnion, m: metalimnion and botton) and the third letter is the season (Sp: spring, S: summer, A: autumn and W: winter). NA spring: yellow ■; NA summer: blue ♦; grey ●; green ♦; SA sping: light yellow ●; SA summer: light blue ●; SA autumn: red ■ and SA winter: dark red ♦.


The pH varied across strata between 3.2 and 3.3 and the water temperature between 7.5 and 10.4°C, showing general stability in both parameters over the sampling periods (Figure 2A). The electrical conductivity (EC) ranged between 644 and 726 μS cm−1. The analysis of nutrients revealed a variation in the average total phosphorus (TP) concentration between 129.2 and 173.2 μg L−1, of which 74.5% corresponded to the soluble fraction of phosphorus (SRP). The SRP values ranged seasonally between 105.2 and 113.0 μg L−1. The average concentration of N-NH4+ for overall water column in both arms was 62.3 μg L−1, varying between <5 μg L−1 and 311.3 μg L−1. In terms of DOC, the concentration in the NA was, on average, somewhat lower (4.5 μg L−1, range: 1.9–8.3 μg L−1) than in the SA (6.1 μg L−1, range: 3.4–10.7 μg L−1) (Figure 2A, Table 1).

Table 1 and Figure 2B show the results of the chemical analyses measured in the water column samples in both arms. The average SO42− concentration was 458 mg L−1 for both arms, with minimum and maximum values that varied between 312.5 mg L−1 and 512.5 mg L−1. Likewise, the average concentration of total iron (TFe) for the water column in both arms was 15.5 mg L−1 (14.7 mg L−1 for NA and 16.2 mg L−1 for SA). The average concentration of Fe2+ was very low (1.1 mg L−1), representing 8.3% of the TFe. Fe3+ represented 93% of TFe, with an average concentration of 14.4 mg L−1 (13.6 mg L−1 NA and 15.1 mg L−1 SA) for the water column in both arms.

Statistical analysis of this data is shown in Figure 2C. The PCA analysis showed that the first two axes explained 60.1% of the total variation of the data. The biplot of samples and environmental variables showed that a first environmental gradient separated the epilimnion samples from the rest by increasing values of temperature, Fe2+, EC, and decreasing values of N-NH4+. Summer samples of the epilimnion were separated from the rest mainly by temperature. The second observed environmental gradient separates the winter and summer samples with high pH and increasing concentrations of N-NH4+, DOC and SO42− from those of autumn and spring, with high SRP and Fe3+ and TFe concentrations. The greatest abundance of bacteria was observed among the autumn samples, regardless of the arm or compartment of the lake sampled, as it was associated with higher values of both dissolved phosphorus and the different forms of iron, and with higher conductivity.

The data obtained indicates that in Lake Caviahue there is a well-established physicochemical vertical gradient of increasing pH, phosphorus, ammonia, total and ferric iron, and sulfate toward the bottom, while temperature, conductivity, dissolved organic carbon and ferrous iron decrease in the same direction (Figure 2). A clear seasonality was observed not only related to temperature, but also to nutrients (N, P and C), bacteria and Fe contents.



Total biomass and microbial diversity in acidic Lake Caviahue are higher in the bottom strata

The average microbial abundance in Lake Caviahue (Table 1) was 12.60 × 106 cells mL−1, with higher cell counts in the metalimnion of NA (M, 14.55 106 cells mL−1) and the bottom layer of the SA (B, 24.16 × 106 cells mL−1). The minimum registered average microbial cells count was in the epilimnion at SA (E, 2.22 × 106 cells mL−1) and NA (E, 5.30 × 106 cells mL−1). On the other hand, the highest values of bacterial biomass (230 μg C L−1) were recovered in the bottom strata samples of both lake arms compared with 75–100 μg C L−1 registered in the water column of the lake (Figure 3A) (dF = 2, 21; F = 3.9; p < 0.05).
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FIGURE 3
 Microbial biomass and community composition at different strata of Lake Caviahue. (A) Bacteria biomass (μg C L−1) in the water column (epiliminion and metalimnion) and the sediments at the deepest point of the NA of Lake Caviahue. (B) Shannon Diversity Index for the microbial communities assayed. (C) Relative abundance (%) of the top 20 taxa present in the different strata of Lake Caviahue. Data was derived from targeted metagenomic analyses of the microbial communities in the water column (littoral/costal shallow waters, CSW; the epilimnion at 5 m depth, EPI; the bottom layer water at 95 m depth, BTL) and the sediments (sample at 0–2 cm depth, S0-2; sample at 2–4 cm depth, S2-4; sample at 4–6 cm depth, S4-6). To the right the taxonomy of the top 20 taxa identified is shown (phylum, class, genus).


To assess how the microbial diversity at each stratum changed with the physicochemical composition of the lake water, we performed targeted metagenomic analyses of littoral samples (CWS), epilimnion, metalimnion and the lake’s sediments (Supplementary Table 2). At sequencing depths greater than 3,000 reads, all rarefaction curves approached asymptotically to the maximum observed number of ASVs for each sample (Supplementary Figure 1). A total of 4,327 different ASVs were obtained, encompassing nearly 162,000 features. All samples used in the study harbored >470 ASVs. A steady increase in the number of ASVs was observed from top to bottom strata. Congruently, the observed richness, the Chao1 estimator, and the diversity indexes (Pielou Evenness, Shannon entropy), were significantly higher in the bottom strata (sediment samples S0-2, S0-4, and S4-6) than in the epilimnion and bottom water column samples (PERMANOVA Bray-Curtis p < 0.109, Figure 3B, Supplementary Figure 2). These results are consistent with an increase in the compositional complexity of the microbial communities inhabiting the water samples, along with total biomass, from the surface to the bottom strata of Lake Caviahue.



Distinct microbial communities inhabit the different strata of Lake Caviahue

An evident change in the dominance profile and complexity of the microbial community was apparent from the comparison of the top 10 most abundant genus-level taxa in the native Lake Caviahue samples (Figure 3C, Supplementary Table 3). The epilimnion community was mainly composed of Fe3+ reducing bacteria of the genus Acidiphilium, with a relative abundance of 66% on the coastal shallow water column (CSW) and 48% in the NA midpoint at 5 m depth (EPI). A sharp decline in the relative abundance of this taxon was observed toward the bottom layer (BTL) of the NA, completely disappearing from the microbial community in sediments (S). Together with Acidiphilium, the Fe2+ oxidizer Ferrovum occurred at a 30 and 1% relative abundance on the coastal waters and epilimnion, respectively.

In the sediment samples a more complex community was observed, with the presence of up to 10 genera of relative abundance larger than 1%, and many more of lower abundance (28 genus-level ASVs with relative abundance larger than 0.1%). A noticeable increase in the relative abundance of certain genus-level taxa was observed in the sediment fraction, from top (at 0–2 cm, S0-2) to bottom (at 4–6 cm, S4-6). Nine distinct amplicon sequence variants (ASVs), each with a relative abundance greater than 1% were identified, including representatives of the Acidobacteriaceae family (8.7 to 34.6%), the Galiellales (5.1 to 9.8%), and Desulfotomaculales orders (4.5 to 19.8%) and the genus Desulfosporosinus (6.6 to 10.0%). In turn, a few taxa showed the opposite trend, declining in relative abundance in the sediment fraction from top (in S0-2) to bottom (in S4-6). These taxa included Clostridium sensu stricto 9 (12.6% on S0-2 to 0.5% at S4-6) and TPD-58 (18.7% and disappearing deeper). Several of these taxa are Gram positive, facultative, or obligate anaerobes, and spore formers of frequent occurrence in the sediments of freshwater and acidic pit lakes (Ramamoorthy et al., 2006; Sánchez-Andrea et al., 2015).

The water–sediment interface shared taxa with the sediments (n = 9) and with the water column (n = 2). Out of the 20 dominant taxa in the littoral (n = 3) and midpoint epilimnion (n = 6) water column samples, and the sediment layers (n = 14), the bottom stratum water column-sediment interface shared 11 taxa (n = 9 with the sediments; n = 2 with the water column). Four taxa were highly abundant in this stratum (Sphingomonas, Sulfuriferula, Acidobacteriaceae, Gaiellales), being Sphingomonas and Sulfuriferula more abundant here than elsewhere in the lake.



Epilimnion microbial communities of Lake Caviahue are limited by carbon and nitrogen

To assess the role of the water column microbial community (at the epilimnion strata) in nutrient cycling, we evaluated nutrient limitation of growth as proxy. Enrichment assays were performed in vitro on freshly sampled native communities and its bacterial and algal fractions recovered by differential filtration. The enrichment assays, amended with sources of phosphate (+P), ammonia (+N), and arginine (+CN), showed that both bacteria and algae (Keratococcus rhaphidioides), alone or together, assimilated arginine (Figure 4). In the case of bacteria, the arginine amendment was the single treatment that produced significant differences in net growth (p < 0.05), with a 7 fold increase with respect to the control treatment after 7 days of incubation (Figure 4A). The fold increase produced by arginine was lower in the absence of algae in the growth test (Figure 4B). The other three treatments formed a homogeneous group in the post-hoc ANOVA test. Regardless of the presence (Figure 4C) or absence (Figure 4D) of bacteria, most treatments produced observable effects on the algal growth, as reflected by the net increase in cell counts by the end of the experiment (7 days). Effects were stronger in the presence of bacteria. Under the latter conditions, K. raphidioides cells (algae) increased their average cell counts up to 2-fold in the presence of phosphate, 2.5-fold in the presence of ammonia and 3.3-fold in the presence of arginine. The treatments with added phosphorus had milder effects than the other treatments evaluated, reaching final cell abundances similar to those of the control treatment alone. In the ANOVA a posteriori test, control and added phosphorus constituted a homogeneous group, significantly different from the homogeneous N-NH4+ and arginine groups.
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FIGURE 4
 Effect of nutrients amendment in bacterial and algal growth. Bacterial abundance (times 106 cells mL−1) in the presence of algae from the Lake Caviahue water sample (A), or in its absence (B). Algae (Keratococcus raphidioides) abundance (times 103 cells mL−1) in the presence of bacteria from the Lake Caviahue water sample (C), or in its absence (D). The enrichment assays lasted 7 days. All treatments were done in triplicate and are symbolized as follows: control (no nutrients added): ■ blue line; PO3 added: ♦ red line; N-NH4+ added:▼yellow line; Arginine added:▲green line. Fold increase in either bacterial or algal biomass at the end of the experiment is indicated for each treatment (with respect to the control). Cell counts were done as follows: (A) Bacteria present in the lake water, bacteria counts; (B) Bacteria and Algae combined, bacteria counts; (C) Algae present in the lake water, algae counts; (D) Algae and Bacteria present in the lake water, algae counts. Cell counts achieved at day 7 for the different tests and treatments were analyzed statistically (ANOVA). Capital letters indicate homogeneous groups resulting from post hoc tests.




Sediment microorganisms contribute to the release/retention of nutrients in Lake Caviahue

To evaluate the contribution of sediment and pore water bacteria to the retention and/or release of nutrients in Lake Caviahue, a continuous flow column microcosm bioassay was setup (Supplementary Table 1). The test column consisted of native sediments and epilimnion lake water, filtered to remove microorganisms. The control column consisted of both native sediments and native water. The structure of the microbial community and the concentrations of dissolved nutrient (N-NH4+ and SRP) in the test column, were evaluated after 9 days and compared to the control. After 10 h of stabilization of the columns, at the onset of the experiment (t0), the total microbial cell load in the water was higher in the control column than in the test column (Figure 5A), as expected from the columns initial treatment. Yet, in both test and control microcosms microbial growth was observed (Figures 5A,B), with cell abundances nearly doubling toward the end of the experiment (day 9). Statistical analysis revealed time (days of incubation) as the only significant factor (p < 0.05, Table 2). No treatment effect was observed.
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FIGURE 5
 Contribution of sediment and pore water bacterial community to nutrient recirculation of Lake Caviahue. Bacterial abundance (106 cells mL−1), SRP (μg L−1), and NH4+ (μg L−1) in the control and test columns, for the water column (A) and pore water (B) fractions, at the start (day 0) and end (day 9) of the bioassay. Relative abundance (%) of the top 10 taxa (genus-level assignment) identified from the 16 rRNA amplicon data for the water column (C) and the pore water (D) samples, at day 9. (E) Shannon Diversity Index for the microbial communities in the control and test columns at day 9, for each assayed fraction (control versus test column). (F) Pairwise Jaccard Distance metric calculated for the different samples under comparison to assess their dissimilarity. A distance of 1 indicates high dissimilarity between samples. (G) Log fold change in the bacterial abundance, the concentration of N (NH4+), P (SRP), and the P:N ratio (SRP:NH4+) at the beginning and the end of the experiment for the control (dashed line) and test (continuous line) treatment.




TABLE 2 Summary of the ANOVA Table of nutrient limitation bioassays.
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Targeted metagenomic analysis of the microbial communities in the microcosm’s fractions (water column and pore water) revealed neat differences in structure (Figures 5C,D) and diversity (Figure 5E), both within and between microcosms. A total of 42 ASVs had pooled abundances above 1% in the fractions of interest, consisting mainly of cultured and uncultured taxa of the families Acetobacteraceae, Gaiellaceae, Acidobacteriaceae, Sulfuricellaceae, and Thermoanaerobaculaceae (Figures 5C,D; Supplementary Table 4). These, and other less abundant taxa, distributed differentially between fractions and microcosms. The Jaccard index for all pairwise AVSs concurrencies shown in Figure 5F, revealed larger dissimilarities between fractions per microcosm (water column versus pore water), than between microcosms (control versus test column). Congruently, we measured higher Shannon’s diversity in the pore water relative to the water column fraction, in both test and control microcosms (Figure 5E). Species diversity in the water fraction of the test column increased with respect to the control, implying that even if water filtration had an impact on the microbial biomass of this fraction at the onset of the experiment, the native sediment’s community contributed to the diversity of the water column after 9 days of incubation.

A small number of taxa occurred exclusively in the water (e.g., Acidiphilium) or the pore water fractions (e.g., Sphingomonas), at both high and low relative abundances (Supplementary Table 4). While Acidocella (Acetobacteraceae) was the most abundant genus in the water fraction (epilimnion) of the test microcosm (relative abundance of 42.5% after 9 incubation days), uncultured actinomycetes of the Gaiellales order (24.3%; 12.8%) and uncultured bacteria of the Acidobacteriaceae family (17.0%; 13.4%) had a neat dominance over the other microorganisms in the pore water from the test and control microcosms, respectively. The community structure of the pore water fractions in both microcosms was generally conserved, with variations in the relative abundance of most taxa not exceeding 1% (data not shown).

Variations between test and control water fractions were more significant, as expected from the initial treatment of the water (filtration). Taxa (ASVs) experiencing the largest variations in abundance between the PW and WC fractions in the test microcosms were uncultured actinomycetes of the Gaiellales order (16 fold) and Thermoanaerobaculaceae TDP-58 (10 fold), and between the WC and PW fractions Acidocella (14 fold) and uncultured Acetobacteraceae family (15 fold), originating from the sediments and the epi/hypolimnion, respectively (Supplementary Table 4). In the control microcosms the ASVs that varied most sharply in abundance were Acidiphilium (>49 fold between the WC and PW), Sphigomonas (27 fold between the PW and WC) and Sulfuriferula (>16.5 34 fold between the PW and WC).

Concentrations of dissolved nutrients (SRP and N-NH4+) in the test and control columns at the onset of the experiment (t0) and after 9 days of incubation (t9) were evaluated (Figures 5A,B). A decrease in the concentration of N-NH4+ of approximately 1.5 and 2 folds, were observed in the test and control microcosms, respectively (Figure 5G, purple). A decreasing trend was also observed when analyzing the concentrations of SRP (Figure 5G, yellow). For this nutrient, a variation of 61% was recorded for the control, and of 93% for the test experiment, with respect to the initial soluble reactive phosphate concentrations measured. When assessing the N:P ratio (Figure 5G), no significant variation was observed between t0 (12 fold) and t9 (12 fold) for the control microcosm. Conversely, in the test microcosm the N:P relation increased 9 fold compared to the control microcosm at the end of the assay (t9). All together, these results indicate that ammonia and soluble phosphate were utilized/mobilized by the microbial communities from both microcosms, albeit at different rates.




Discussion


Physicochemical and environmental gradients in Lake Caviahue

In contrast to other lakes of glacial origin in the Andean-Patagonian region, Lake Caviahue is best defined by its glacial-volcanic origin (Rapacioli, 1985). Main water inputs are glacial meltwaters from Rio Dulce entering the lake at the North arm, and acidified volcanic fluids from Upper Rio Agrio, discharging at the union of the South and North Lake arms (Cabrera et al., 2020). Because of this dual origin and the resulting chemical characteristics, this lake is unique among Andean lakes, which are usually circumneutral, translucent and oligotrophic (Pedrozo et al., 1993; Diaz et al., 2007), and different from acidic lakes linked to mining activity, which are usually turbid, and both sulfate- and iron-rich (Geller et al., 1998; Blodau, 2006).

According to our results, Lake Caviahue exhibits a well-established physicochemical vertical gradient (in pH, electrical conductivity and nutrients) that generally resembles those described in acidic pit lakes (Hedrich and Schippers, 2016), yet differs from these in several aspects. The sulfate ion concentration in both Lake Caviahue arms was high, stable between seasons, and increasing toward the lake’s bottom. Values obtained were in the range of previous studies in Lake Caviahue (Pedrozo et al., 2008a; Varekamp et al., 2009), yet lower than typical values observed in acidic pit lakes, where sulfate is the dominant solute (Soni et al., 2014). In turn, the average concentration of total iron in the water column in both arms was low, and mostly present as ferric iron (93%). Total iron showed little variation between seasons and lake strata (Lake Caviahue’s range 6.3–16.9 mg L−1) and differed strongly from the average concentration ranges reported in mining lakes at the Iberian Pyrite Belt (e.g., 19–36,450 mg L−1, Sánchez-España et al., 2008) or the mining district in Germany (e.g., 0,3 y 420 mg L−1, Geller et al., 2013).

In Lake Caviahue the pH, temperature, and electrical conductivity, showed only minor changes between lake strata (epi, meta, hypo), the largest difference being recorded between the water column and the sediments. While the pH in the water column remained largely constant between lake strata up to the sediment–water interface, it showed slightly higher average values during the sampling period (pH 3.2–3.3, Table 1) than those reported previously (pH 1.9 in November 1998; pH 2.7 in March 2004, etc. - > 3.4), fitting to the pH rising trend observed for the last 2 decades (Cabrera et al., 2020 and references therein). The pH measurements of the sediments have been reported previously, showing an increase with sediment depth from pH of 3.0 (at 0 cm) to pH 4.0 (at 12 cm), with a similar rate of increase in both NA and SA (Cabrera et al., 2016, 2020). Lake Caviahue had high electric conductivity for the whole duration of the study (726–629 μS cm−1 and years) and was comparable to reported values in previous studies (560 to 1,600 μS cm−1) (Pedrozo et al., 2001, 2008a; Varekamp, 2008; Cabrera et al., 2016). The same trend was observed for temperature, which ranged from 5.4 to 14.2 in summer in the epiliminion and between 5.5 to 9.4 at the lake bottom, approaching previously reported values (12 to 15°C in the epilimnion, and 8°C in the hypolimnion Beamud et al., 2007).

Our results also showed that DOC, dissolved organic carbon, decreased toward the lake bottom after reaching a maximum concentration value measured in the metalimnion, in agreement with previous studies (Beamud et al., 2007; Baffico et al., 2017). This pattern parallels the behaviour of DOC concentrations found in Cueva de la Mora acid pit lake (Falagán et al., 2014), where maximum DOC concentrations occurred just above the chemocline, linked to the abundance of phytoplankton thriving in a relatively shallow photic zone around 10 m of depth (Diez-Ercilla et al., 2014). The lower limit of the photic zone (1% of surface PAR irradiance) in Lake Caviahue has been located at an approximate depth of 16 m (Beamud et al., 2007), and correlates with the maximal chlorophyll-a peak (Beamud et al., 2007; Baffico et al., 2017). In other acidic lakes, this interface between the oxygenated mixolimnion and anoxic monimolimnion (i.e., the chemocline), has been shown to be populated by obligate aerobes (e.g., Leptospirillum ferrooxidans), facultative anaerobes (e.g., Acidithiobacillus ferrooxidans) and obligate anaerobes (e.g., Desulfomonile sp.), suggesting the existence of microenvironments of varying oxygen contents within this zone, where both oxidized and reduced iron (ferric and ferrous) and sulfur (sulfate and hydrogen sulfide) dynamically support microbial growth (Wendt-Potthoff et al., 2012).



Trophic state of Lake Caviahue

According to the trophic categories based on parameters such as TP, SRP, and Chlorophyll a
 (Vollenweider, 1968; Wetzel, 2001), Lake Caviahue is classified as mesotrophic if the concentrations of TP and SRP are considered, and ultraoligotrophic if Chlorophyll a
 concentration (<0.5 μg L−1, Pedrozo et al., 2001) are taken into account. Total concentrations of nutrients (in phosphorous, nitrogen) measured in Lake Caviahue in this study agree with previous classifications and showed, in general, an increase in their concentrations from top to bottom (27% increase in [TP], 83% increasing in [NH4+]). Relevant variations in the concentration ranges of measured phosphate anions and ammonium cations were observed in Lake Caviahue, both of which were lower compared to reported values in well-studied acidic pit lakes (Santofimia et al., 2013; Falagán et al., 2014; Ayala-Muñoz et al., 2022a), and exhibited a reversed vertical trend compared to that reported for Cueva de la Mora in Spain (Falagán et al., 2014). In Lake Caviahue concentrations of ammonium, considered as a bioavailable inorganic source of nitrogen, varied one order of magnitude between the epilimnion and the water sediment interphase at the lake’s bottom. This ion showed only modest variations throughout the water column in Cueva de la Mora acidic pit lake (Falagán et al., 2014). In turn, concentrations of phosphate, a macro-nutrient that is often poorly bio-available in oxidized acidic pit lakes water due to its poor solubility, varied only moderately between the epilimnion and the lake’s bed (27% difference), with the steepest change (24% increase in concentration) occurring bellow the chemocline (metalimnion stratum). These results indicate that both ammonium and phosphate bioavailability increase from top to bottom of the lake. Ferric iron concentration in Lake Caviahue showed only a 14% increase toward the lake’s bed, implying that factors other than precipitation control this ion deposition dynamics. Interestingly, measurements of the total phosphate and ferric iron entering the Lake Caviahue via Río Agrio (Temporetti et al., 2019) indicate that nearly 87% of TP, 90% of the SRP, and 77% of the ferric iron is precipitated before reaching lake water at the epilimnion. Congruently, in previous works (Pedrozo et al., 2001, 2008a,b; Cabrera et al., 2016) moderate to high concentrations of phosphate and ammonium have been recorded in Lake Caviahue water and sediment samples.

Although the nutrients (P and N) in the water column are the parameters mostly used to establish the trophic state of an aquatic environment (Organization for Economic Co-operation and Development, 1982; Horne and Goldman, 1994; Wetzel, 2001; Schindler et al., 2008), these suffer significant annual fluctuations (Maassen et al., 2005). In this sense, nutrient contributions from sediments become important, representing the internal loading of an environment (Wetzel, 2001; Kaiserli et al., 2002; Golterman, 2004). This internal load can often determine the degree of eutrophication of a waterbody even when the external contributions of nutrients to that environment have been reduced (Carpenter, 2005). In this way, sediments play an important role in P transformation and accumulation processes in aquatic systems (Kowalczewska-Madura et al., 2007). Several studies have linked the TP concentration in surface sediments to the TP concentration in the water column assuming, theoretically, that trophic state is strongly influenced by sediment P release (Carey and Rydin, 2011). Temporetti et al. (2014) evaluated the distribution of sediment TP concentration and the trophic state of aquatic environments of the Argentinean Patagonia and showed that certain parameters of pore water (SRP concentration) and sediments (P-Labile fraction, depth distribution pattern of TP and Metals:P ratio) were significantly correlated to the trophic state of the environments studied. In this sense, Lake Caviahue is classified as oligotrophic.



Microbial abundance and diversity and community composition

Results obtained in this study revealed that both average and maximal bacterial abundances (cell counts) per strata were higher in the NA than in the SA, with minimal counts in the epilimnion (2.7 fold lower than in the metalimnion and 2.2 fold lower that in the bottom strata) and maximal total bacterial biomass recovered from the bottom strata (2–3 fold higher than in the water column). These values are consistent with previous ones obtained in Lake Caviahue (Pedrozo et al., 2001) and higher than bacterial biomass values in the shallow (4–14 m depth) acidic mining lakes studied by Kamjunke et al. (2005). In these environments with a pH range between 2.3–3.0, biomass values varied between 4 and 82 μg C L−1, while in natural acidic Lake Caviahue the values varied between 75 and 230 μg C L−1. Lack of total cell counts or C μg L−1 information in reports studying deeper acidic lakes [e.g., in Falagán et al. (2014), Cueva de la Mora lake, 30 m deep and Guadiana lake, 55 mt deep; in Santofimia et al. (2013): Nuestra Señora del Carmen lake, 35 m deep] prevent further direct comparisons of the bacterial biomass variations between natural and mining acidic lakes which are both deep acidic lakes.

Despite the differences in magnitude, or the change of magnitude between strata, Lake Caviahue resembles these other systems in that in all, a considerable increase in microbial diversity from the surface to the bottom layers of the lake is observed. The number of ASVs from Lake Caviahue epi-to-bottom (2.3 fold), were consistent with the observed increase in total biomass. Reconstructed SSU sequences from metagenomic data from a study of Cueva de la Mora, reported a similar increasing trend from top to bottom (2.1 fold) for taxa of relative abundance >1% between the upper oxic layer (3 m) and the deep anoxic layer (35 m) (Ayala-Muñoz et al., 2020). These changes in diversity are likely to parallel changes in abundance/biomass. Also, as in the case of acidic pit lakes, microbial communities shaping the geochemistry of these lakes remain poorly explored (Ayala-Muñoz et al., 2022a).



Distinct microbial communities inhabit the different strata of Lake Caviahue

Our study revealed significant changes in the composition and complexity of the microbial communities across the different strata of Lake Caviahue (Figure 6). In contrast to studies of acidic mine pit lakes, such as Cueva de la Mora, where eukaryotic microorganisms are dominant in the upper layer, bacteria in the chemocline, and archaea in the deep layer (Ayala-Muñoz et al., 2020), in LC no archaeal groups were detected at relative abundances above 1% in any of the strata analyzed, regardless of their occurrence in the stream waters entering the lake (Lopez Bedogni et al., 2020). Even if this study did not target eukaryotes, previous work at Lake Caviahue has shown that this domain is present in the largest abundances in the surface layer of LC (>90% abundance), consisting mostly of Keratococcus raphidioides algae (Beamud et al., 2007, 2010), along with bdelloid rotifers (Pedrozo et al., 2001), while some diatoms have been recovered from the lake sediments (Baffico et al., 2017).
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FIGURE 6
 Conceptual model of the biogeochemical cycling of nutrients, sulfur, and iron at the sediment-water interphase of Lake Caviahue. Lake strata are depicted as colored layers and labeled accordingly to the left. Oxic strata are colored in light blue to blue and anoxic strata in grey to dark grey. Nutrients and electron donors and acceptors are shown in circles and a/biotic transformations are depicted by arrows (oxidation, reduction, precipitation). Transformations are inferred on the basis of the occurrence of taxa with known metabolic capacities or pathways according to the literature listed in the discussion. Microbial taxa occurring in each stratum of LC at relative abundance >1% is indicated by the lowest taxonomic rank-available. Occurrence of the taxa in the flow column experiments is indicated by squares, color coded according to the treatment (control or test) and the sample fraction (WC or PW) as follows: WCCtrlD0, grey; WCTD9, yellow; PWCtrlD0, blue; PWTD9, black. Direction of the growth response overtime (day 0 to day 9), assessed on the basis of the change in relative abundance, is symbolized according to its magnitude as follows: increase, ↑ low to medium, ↑↑ medium to high, ↑↑↑ low to high; decrease, ↓ low to medium, ↓↓ medium to high, ↓↓↓ low to high; no change, ‾↑‾ high to high, ⊥ medium to medium, _↓_ low to low. Labels: sulfur oxidizing bacteria (SOB), iron oxidizing bacteria (FeOB), sulfate-reducing bacteria (SRB), iron reducing bacteria (FeRB). Carbon is fixed by algae (Trebouxiophyceae). Disolved organic carbon is degraded by phylogenetically diverse heterotophic and fermentative bacteria including members of the Acetobacteriaceae, Acidobacteriaceae, TPD-58, and Clostridium. Fermentative end-products are linked to respiratory iron reduction by Gaillales, sulfate reduction by Syntrophobacter, Desulfotomaculales, and Desulfosporinus. Sulfide produced can be oxidized by Acidibacillus (Ferracidibacillus gen nov.), Gallionella, or Ferrovum and reduced back to ferrous iron by Acidiphilium and/or Acidocella. This figure was created with BioRender.com.


The primary member of the microbial community of surface waters at the Lake Caviahue NA were bacteria of the genus Acidiphilium with a relative abundance of 66% on the coastal water column at 0.5 m depth, and 49% in the NA midpoint at 5 m depth. This Fe3+ reducing chemo-organotroph (Küsel et al., 1999; Li et al., 2020) is a frequent member of the microbial communities in acidic mineral environments, such as acid mine drainages (Harrison, 1981; Wakao et al., 1994), and is also prevalent in acidic pit lakes (Falagán et al., 2014; Ayala-Muñoz et al., 2020) and natural acidic lakes, such as the crater lake of the active Poás Volcano in Costa Rica (Wang et al., 2022). Being heterotrophs and facultative anaerobes, they are key players in the iron cycle in this stratum of Lake Caviahue. Despite their abundance, evidence generated in the nutrient limitation bioassays performed indicates that the bacterial populations are limited by C and N. The arginine amendment treatment produced a net increase in the biomass of epilimnion bacteria with respect to the control after a week’s time, indicating the capacity the taxa present to use arginine for growth, either as sole C source or in the presence of algal exudates. Based on Acidiphilium spp. dominance in this stratum, it is likely that the observed growth corresponded to that of this taxon. Literature evidence supports the capacity of several Acidiphilium spp. to utilize arginine as C source under heterotrophic growth conditions, including Acidiphilium cryptum, Acidiphilium multivorum, and Acidiphilium organivorum (Hiraishi and Imhoff, 2015). The 16S rRNA amplicons recovered from Lake Caviahue could be affiliated to Group Ia isolates (Okamura et al., 2015), having a 100% sequence identity with Acidiphilium rubrum/angustum and 99% identity with Acidiphilium iwatense. Arginine consumption for most Group Ia isolates remains to be tested, excepting Acidiphilium angustum/rubrum strain ATCC 35905 which was reported unable to use arginine as C-N source (Hiraishi and Imhoff, 2015). Yet, our results strongly suggest Lake Caviahue Group Ia Acidiphilium spp. could have this capacity. Alternatively, the biomass increase could be due to concurrent growth of Acidocella spp., present in the water sample at lower relative abundances (and seen to take over in continuous flow column experiments). Species of this Acetobacteraceae family genus (e.g., Acidocella aminolytica) can also use L-arginine as a sole carbon source (Kishimoto et al., 1993, 1995). Furthermore, both Acidiphilium and Acidocella species are recognized to concur and interact with Chlorophyta division algae, such as Chlamydomonadaceae (Ňancucheo and Johnson, 2012 and Trebouxiophyceae Servín-Garcidueñas and Martínez-Romero, 2012), either in situ or in vitro. Algae exudates have been shown to have a role in sustaining populations of acidophilic heterotrophic bacteria by providing them with organic substrates. These is in line with the stronger effects on bacterial growth observed in our amendment tests by the presence of the algal fraction. Monosaccharides and sugar alcohols, some of which are produced and exudated by algae (Ňancucheo and Johnson, 2012), have indeed been shown to be suitable carbon and energy sources for these species (Okamura et al., 2015). In turn, the end product of bacterial C metabolism, CO2, might benefit the algae, shaping a syntrophic interaction (Johnson, 2016). This would explain the net increase in growth of the bacterial biomass in the presence of the algae, and the reciprocate effect observed by the presence of bacteria on algae.

Together with Acidiphilium, Ferrovum spp. where the only other bacterial taxa occurring at significant abundances in the surperficial lake waters, particularly at coastal waters (30%). A sharp decline in the relative abundance of this taxon was observed toward the epiliminion (1%) and the bottom layer of the NA of Lake Caviahue (5.8%), completely disappearing from the microbial community in the sediments. This behaviour cannot be explained by the observed changes in the ferric-ferrous iron concentrations, which remained low and constant from the upper layer, through the thermocline, and toward the bottom layer. In turn, it correlates with the dissolved oxygen availability (reported in Beamud et al., 2007) and follows the trend of chlorophyl a, which declines bellow 20 m of depth. Concurrence of Acidiphilium and Ferrovum has been reported in acidic pit lakes at the Nanshan iron mine in China (Hao et al., 2017; She et al., 2023) and streams draining the abandoned Mynydd Parys copper mine in north Wales (Johnson et al., 2014), under conditions in which one drives the oxidation of ferrous iron and the other drives the reduction of ferric iron. Ferrovum myxofaciens is described as an extremely acidophilic, psychrotolerant, autotrophic, and obligate ferrous iron oxidizer, which requires oxygen as electron acceptor for growth (Johnson et al., 2014). In turn, group Ia Acidiphilium spp. are capable of semi-anaerobic growth coupled with reduction of Fe3+ (Okamura et al., 2015), as other species of the genus and family excepting Acidisphaera-like isolates (Coupland and Johnson, 2008). This, suggests that Acidiphilium abundance patterns correlate with the availability of algae derived nutrients, and electron acceptors (Fe3+) generated abiotically by the volcanic iron inputs entering the lake via the Rio Agrio stream waters, and biotically by iron oxidizers present in the lake, mostly Ferrovum spp. The latter, in turn, partition following oxygen availability. The slight increase in abundance of Ferrovum spp. toward the lake bed can possibly be explained by precipitation processes of cell aggregates and filaments, referred to as streamers, known to be copiously produced by this taxon (Kimura et al., 2011; Johnson, 2016). Altogether, the evidence collected, suggests that electron acceptors are the main drivers of microbial niche partitioning in the water column strata of Lake Caviahue. This has been suggested previously in other aquatic environments (e.g., Martín-Rodríguez, 2023). The close interaction between Acidiphilum and Ferrovum species may also result from increased local availability of CO2 as a by-product of heterotrophic metabolism by Acidiphilium and its growth promoting effect on iron-oxidizing bacteria such as Ferrovum (Kermer et al., 2012; Mosler et al., 2013).

Community profiling analyses performed, also showed the increase in abundance toward the lake bed (B, b, Bottom) of Acidocella (up to 42% of the community >1%), uncultured bacteria of Acidobacteriaceae (up to 17% of the community >1%) and Acetobacteraceae (up to 5.9% of the community >1%). These taxa are all versatile heterotrophs that can be linked to the breakdown of organic compounds and carbon cycling in deep layers of acidic pit lakes such as Cueva de la Mora (Ayala-Muñoz et al., 2022a) and Guadiana pit lake (Falagán et al., 2014), which is likely also their role in the hypolimnion of Lake Caviahue. Sulfur and iron cycling microorganisms such as Sulfuriferula, Thiomonas and Acidibacillus (approximately 3% of the community each) were also fairly abundant toward the lake bottom. Sulfuriferula-like bacteria (Betaproteobacteria) have been identified as part of the microbial community at 30 m depth in the Iberian Pyrite Belt acidic pit lake Filón Centro (van der van der Graaf et al., 2020). They can grow autotrophically on inorganic sulfur compounds, and heterotrophically on a number of organic substrates (including complex organic substrates, sugars, organic acids and an alcohol), in the absence of sulfur compounds as an electron donor (Drobner et al., 1992; Watanabe et al., 2015). Members of the genus Thiomonas (Betaproteobacteria) are mixotrophic sulfur oxidizers (Chen et al., 2004), yet some species can also oxidize Fe2+ (Coupland et al., 2004; Battaglia-Brunet et al., 2006). They are frequent inhabitants in slightly acidic and sulfidic sediments that result as AMD waters discharge across diverse landscapes (Akob et al., 2020), and have also been found at oxygen-depleted layers of acidic pit lakes (e.g., at Brunita, Spain; Sánchez-España et al., 2020). Although their known ecological roles are mostly linked to aerobic oxidation of sulfur, iron and arsenite (in the presence of low concentrations of organic carbon) genomic studies have suggested some species may use nitrate anaerobically (Arsène-Ploetze et al., 2010). Known species of Acidibacillus (Firmicutes) are facultative chemolitho-heterotrophs, that require an organic carbon source and oxidize both ferrous iron and elemental sulfur at moderately high temperatures (43°C), or only ferrous iron at mesophilic temperatures (30°C) (Holanda et al., 2016). All isolates characterized to date have been shown capable of dissimilatory ferric iron reduction under anaerobic conditions. Members of this genus have been shown to be present in low abundance (2.8%) at the acidic pit lake at Sherlovaya Gora (pH < 4.9) (Gavrilov et al., 2019). All three taxa (Sulfuriferula, Thiomonas, and Acidibacillus) have in common their ability to switch between different metabolic pathways depending on the availability of specific substrates and environmental conditions, linking sulfur and iron cycles (used as energy sources) with organic compounds cycling (used either as electron donors, carbon sources, or both). They can thus influence the decomposition and mineralization of organic matter in the deeper strata of Lake Caviahue.

At the interface between the lake bed and the sediments a different group of bacteria seem to take over this role. Amplicon sequence data obtained in this study, indicates that highly abundant uncultivated microorganisms of the Thermoanaerobaculaceae (TDP-58), Acidobacteriaceae (subgroup_1), and Gaiellaceae families populate Lake Caviahue’s sediments, and the pore water in the flow column bioassays. Related microorganisms have been reported in anoxic or low-oxygenated bottom layers of lakes both freshwater and acidic lakes. The family Thermoanaerobaculaceae (Dedysh and Yilmaz, 2018), has only one validly described representative, Thermoanaerobaculum aquaticum MP-01 T. This strain was isolated from a freshwater hot spring and is a strictly anaerobic and neutrophilic thermophile capable of fermentative growth, and both Fe3+ and Mn4+ reduction (Losey et al., 2013). Even if TPD-58 is proposed as a different genus of this family, best guess is it could have similar metabolic roles in Lake Caviahue sediments. Acidobacteriaceae uncultured representatives found in the lake bed and sediments pertained to subdivision 1 (represented by A. capsulatum, Hiraishi et al., 1995), a poorly defined taxon encompassing at least 11 genera (Kielak et al., 2016). Its members are physiologically diverse and have been found to dominate in low pH conditions (Sait et al., 2006). They are described as oligotrophic and psychrotolerant bacteria, with some preference for CO2 (Stevenson et al., 2004) or low pH (Sait et al., 2006). They have been found to thrive in acid mine drainage waters (Hallberg and Johnson, 2003; Hallberg et al., 2006) and in acidic pit lakes (Kleinsteuber et al., 2008). Evidence obtained in lake 111, a shallow yet stratified mining lake, supports the distribution of Acidobacteriaceae in the hypolimnion, where CO2 concentrations measured as total inorganic carbon are higher (around 10 mg L−1) than in the epilimnion (below 1 mg L−1), and pH is mildly acidic (Herzsprung et al., 1998; Zippel et al., 2001). Also, isolates recovered from acid mine drainage waters have been shown to grow better under microaerobic conditions, suggesting a role in the acceleration of the reductive dissolution of ferric minerals (Hallberg and Johnson, 2003; Malik and Hedrich, 2022). These conjunct characteristics, acid tolerance, microaerobicity and CO2 requirement, could explain the occurrence and abundance profile of this taxon in the LC lake bed. Members of the family Gaiellaceae (Actinobacteria) are strictly aerobic and chemoorganotrophic mesophiles (Albuquerque et al., 2011), so far represented by a single cultured specie, Gaiella occulta. The type strain (F2-233T) was isolated from a 150 meter deep water aquifer in Portugal (Albuquerque et al., 2011), and other representatives have been traced to soils (GenBank LSTI01000000), karst systems (Zhu et al., 2019) and volcanic caves (Riquelme et al., 2015), supporting their general existence in subterranean environments. Little else is known about their ecophysiology, apart from the fact that they seem to be key players of the nitrogen cycle in these environments, participating in the conversion of nitrate to nitrite (Albuquerque et al., 2011). For this role, they are thus considered keystone members in the bacterial networks of caves (Zhu et al., 2019; Ma et al., 2021).

The microbial community of the sediments from Lake Caviahue was complex and differences in the taxa profiles were observed between depths. In addition to the Acidobacteriaceae family (8.7 to 34.6%) and the Galiellaceae (5.1 to 9.8%) found at the interface between the lake bed and the sediments, another 12 bacterial families with relative abundance larger than 1% occurred in the sediment cores evaluated. Of these, 10 pertained to the Firmicutes phylum, and occurred in the sediment fractions at high (e.g., families of Desulfotomaculales), medium (e.g., Ethanoligenenaceae) and low (e.g., Planococcaceae) pooled abundance, with 20% of the total ASVs pertaining to taxa of abundance lower that 1%. The Firmicutes are an extremely diverse phylum of bacteria, with a plethora of possible ecological roles. Acid-tolerant, sulfate-reducing and sulfide-producing Firmicutes have been described previously (Holanda et al., 2016; Holanda and Johnson, 2020; Johnson et al., 2023), yet many remain uncharacterized. In common, most Firmicutes are endospores formers (Galperin, 2013), so it is likely that several of the taxa identified in the sediments of Lake Caviahue are dormant and/or metabolically inactive cells. Yet, 4 of the families present in the native sediment of Lake Caviahue were also identified in the pore water in the continuous flow column bioassays, supporting their active participation in sediment’s nutrient cycling. Their generalized capacity of fermentation or anaerobic respiration would support their participation in the decomposition of organic matter accumulated in the sediment fractions (Zhao et al., 2017).

Differences in the taxa profiles were observed between fractions, the largest being attributable to highly abundant taxa. The dominant taxon in the upper fraction of the sediments was TPD-85 (Thermoabaerbaculaceae; 18.7%), followed closely by Clostridiaceae (Clostridium_sensu_stricto_9; 12.5% total relative abundance). In turn, the top ranking taxa at the deeper sediment fractions were the Desulfotomaculales (at the 2 to 4 cm fraction S2-4) and the Desulfitobacteriales, represented by members of the Desulfosporosinus genus (at the 4 to 6 cm fraction S4-6). Both taxa are strict anaerobes and play a roles in sulfur cycling, contributing to the reduction of sulfate (Stackebrandt et al., 1997; Spring and Rosenzweig, 2006; Watanabe et al., 2020). The Desulfotomaculales are chemoorganoheterotrophs which grow using organic acids, alcohols, amino acids, and sugars, and also chemolithoheterotrophs which grow using H2 and CO2 in the presence of acetate, using sulfate, sulfite, and thiosulfate as electron acceptors, which are then reduced to H2S (Watanabe et al., 2020). Desulfosporosinus spp. are capable of the fermentation of pyruvate, incomplete oxidation of substrates to acetate, and utilization of thiosulfate as terminal electron acceptor. They also have the ability to grow autotrophically with H2, via fermentation of lactate, and utilization of sulfate as terminal electron acceptor (Spring and Rosenzweig, 2006). For their characteristics, these anaerobes are restricted to anoxic water-saturated soil environments and freshwater sediments, being frequent in sediments from mine sites and acid mine drainages (Alazard et al., 2010; Sánchez-Andrea et al., 2015; Mardanov et al., 2016; Panova et al., 2021). Their environmental significance in these habitats, and likely also in Lake Caviahue sediments, is the production of sulfide (biosulfidogenesis, Ayala-Muñoz et al., 2022b), which can contribute to acid neutralization through the consumption of protons (Johnson and Sánchez-Andrea, 2019) and the sequestration of metals into highly insoluble metal sulfides (Ňancucheo and Johnson, 2012), both of which are highly beneficial for the remediation of acidic mine/rock drainage systems (Johnson and Santos, 2020).

Uncultivability and limited understanding of the metabolism of many of the bacteria identified in the sediments prevent us from establishing a direct link between their occurrence and abundance patterns with the phosphorous biogeochemical cycling in Lake Caviahue. Yet, taxa profile changes observed in the flow column microcosms over time, which accompanied a neat decrease in the concentration of dissolved nutrients SRP and N-NH4+, indicates that the microbial communities in the sediments contribute to the retention and/or release of nutrients in Lake Caviahue, and strongly points to uncultured Gaiellales (11.6% increase), Syntrophobacter (4.7% increase) and subgroup 1 Acidobacteriaceae (3.6% increase) as key players in ammonia and soluble phosphate mobilization at the sediment water interface. All together, these results indicate that sediment and microbial communities are active contributors to the nutrient structure dynamics at the water–sediment interface in this extremely acidic glacial-volcanic lake.




Conclusion

The pH and temperature of Lake Caviahue are similar between arms and are essentially stable between lake strata, with seasonal variations that give rise to two major environmental gradients: one distinguishing the surface water samples due to temperature, Fe2+, and electrical conductivity, and the other distinguishing winter and summer samples due to the high pH and increasing concentrations of N-NH4+, DOC, and SO42− from autumn and spring samples with high soluble reactive phosphorus (SRP) and iron concentrations. The largest bacterial abundance was found in autumn, alongside higher levels of dissolved phosphorus, iron forms, and increased conductivity. Regardless of the season, the highest values of bacterial biomass and ASVs counts were found in the bottom strata of the lake, which is also where the greatest diversity in microbial communities was found. In the epilimnion strata, nutrient cycling was found to be influenced by both bacteria (Acidiphilium and Ferrovum) and algae (Keratococcus rhaphidioides), both of which are limited by CN according to enrichment assays. Arginine amendment significantly increased bacterial growth and impacted the growth of algae, especially when both concurred, which is congruent with a potential syntrophic relationship between the bacteria and algae. The experiments using continuous flow column microcosms showed that microbial growth over time in both the test and control columns, was accompanied by a decrease in the concentration of dissolved nutrients (SRP and N-NH4+), providing proof that sediment microorganisms are active and contribute significantly to nutrient utilization/mobilization.
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Acidic salt lakes are environments that harbor an array of biologically challenging conditions. Through 16S rRNA, 18S rRNA, and ITS amplicon sequencing of eight such lakes across the Yilgarn Craton of Western Australia, we aim to understand the microbial ecology of these lakes with a focus on iron- and sulfur-oxidizing and reducing microorganisms that have theoretical application in biomining industries. In spite of the biological challenges to life in these lakes, the microbial communities were highly diverse. Redundancy analysis of soil samples revealed sulfur, ammonium, organic carbon, and potassium were significant diversities of the microbial community composition. The most abundant microbes with a hypothetical application in biomining include the genus 9 M32 of the Acidithiobacillus family, Alicyclobacillus and Acidiphilium, all of which are possible iron- and/or sulfur-oxidizing bacteria. It is evident through this study that these lakes harbor multiple organisms with potential in biomining industries that should be exploited and studied further.
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1 Introduction

The Yilgarn Craton constitutes a substantial portion of Western Australia’s land mass and is composed of approximately 2.8 billion-year-old granite-gneiss metamorphic terrain and granite-greenstone terrains. The craton is divided into a series of provinces; our samples were acquired from the Youanmi Terrane and the South West Terrane (Cassidy et al., 2006). Salinity found in this region has occurred through natural processes due to the flatness of the landscape, the historical magnitude of weathering, low rainfall, and high evaporation (George et al., 2008). Further salinization of the area has occurred due to the clearing of native flora, resulting in a rising water table and an increase in the discharge of saline groundwater into surface streams (Hatton et al., 2003). As a result of this salinization, the Yilgarn Craton contains hundreds of ephemeral salt lakes. Year-round, these lakes are exposed to high levels of UV radiation, flooding, evaporation, and low pH levels. The Yilgarn Craton typically has acidic groundwaters as low as pH 1.4, hypothesized to be the result of the oxidation of sulfides from abundant sulfide minerals present (Benison and Bowen, 2015). Other acidification is likely due to the ferrolysis of waters high in iron and aluminum, acidophilic bacteria further oxidizing minerals and releasing protons, evaporation resulting in the concentration of protons, and the natural lack of geochemical buffers (carbonate minerals; Bowen and Benison, 2009; Benison and Bowen, 2015).

Naturally occurring environments both high in salinity and acidity are rare, which is likely why only a small amount of haloacidophiles have been characterized. Additionally, acidophiles are notorious for being highly sensitive to chloride ions, possibly another biological barrier to the evolution of haloacidophiles (Suzuki et al., 1999; Baker-Austin and Dopson, 2007). Previous research involving the biology of acidic saline environments has been motivated by isolating iron- and sulfur-oxidizing bacteria that have potential in saline biomining operations as well as understanding the biological basis of acid and saline polyextremophiles (Simmons and Norris, 2002; Zammit et al., 2009; O’Dell et al., 2018; Chen and Schlömann, 2023; Corbett and Watkin, 2023). Using haloacidophilic iron- and sulfur-oxidizing microbes for bioleaching operations has the possibility to reduce the cost of biomining as seawater may be able to replace reverse osmosis water currently used to irrigate these processes (Rohwerder et al., 2003; Rea et al., 2015; Johnson and Schippers, 2017). There is currently a large range of microbes that have been identified for their ability to leach minerals through iron and/or sulfide oxidation in mining contexts, for example, genera such as Acidithiobacillus, Acidimicrobium, Acidiphilium, Leptospirillum, Alicyclobacillus, Ferroplasma, Sulfolobus, and Acidihalobacter (Gumulya et al., 2018; Roberto and Schippers, 2022). Although iron- and sulfur-oxidizing bacteria are important in this context, iron-reducing microbes also have applications in leaching commercially important metals. Reductive dissolution of oxidized mineral ores allows the further leaching of metals from oxidized minerals that are normally considered waste (Johnson, 2018). Genera that have been identified in this context include many of the iron-oxidizing microbes already mentioned, as they are able to reduce iron in anaerobic conditions (Hallberg et al., 2011; Marrero et al., 2015). Given the biotechnological use of these microbes, it is important to explore their natural habitats. Although many studies have identified such genera in a wide variety of natural habitats, some of which are in Western Australia, no such study has sampled a multitude of lakes and sample types (soil, salt brine, and water). Thus, this study aims to describe and explore the microbial ecology of eight extremely acidic ephemeral lakes in the Yilgarn Craton which may inform future bioprospecting for the isolation of haloacidophilic iron- and sulfur-oxidizing/reducing microbes for potential application in biomining and to understand what geochemical conditions drive these microbial communities.



2 Materials and methods


2.1 Sample collection

Sample sites were screened using data provided by the Western Australian Department of Water and Environmental Regulation. A total of 8 lakes were chosen for the study that were reported to have a pH below 4 and salinity levels of 35,000 TDS and above. Locations of the lakes can be seen in Figure 1, and coordinates can be viewed in Supplementary Table 1. Sample collection followed the Australian Microbiome soil and water collection protocol1 over a 3-day period starting on 8 June 2020. From each lake, samples were collected from soil at 0–10 cm and 20–30 cm, salt brine, and lake water. At each lake, samples were collected as follows: 5 L of water from the center of the lake was filtered through a 0.2-μm filter, followed by a 0.1-μm filter. Thirty soil samples were collected within a 25-m2 area that spanned the shore of the lake to encompass the most environmental variability. Soil was taken at two depths (0–10 and 20–30 cm). The 30 samples from the same depth profile were homogenized in sterile whirl packs. Salt brine samples were collected by carefully scraping salt brine from the surface of the lake soil and homogenized in a sterile whirl pack. All 32 samples were stored in liquid nitrogen on-site and in −80°C freezers when returned to the laboratory. Additional water, soil, and salt brine samples were stored at room temperature for chemical analysis. Additional details about the samples collected can be found in Supplementary Table 1.
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FIGURE 1
 Lake sampling locations. Site (A) included Lakes 1 and 2, site (B) included Lakes 3 and 4, and site (C) included Lakes 5, 6, 7, and 8.




2.2 Chemical analysis of water and soil samples

Soil and water samples were sent to the CSBP Soil and Plant Analysis Laboratory for chemical analysis. A detailed description of the methods used can be viewed on the CSBP website (soil methods: https://www.csbplab.com.au/tests/soil/soil-comprehensive, water methods: https://www.csbplab.com.au/tests/water/water-standard). In summary, water samples were tested for trace elements (phosphorus, potassium, sulfur, copper, manganese, sodium, iron, and boron) using inductively coupled plasma (ICP) spectroscopy; nitrate nitrogen was measured by reducing nitrate to nitrite via a copperized cadmium column and measured colorimetrically; ammonium nitrogen and chloride were measured colorimetrically; pH was measured by a pH probe; electrical conductivity was measured by a conductivity probe; and carbonate was measured by titration against HCl. The soil and salt brine samples were analyzed using the following methods; phosphorus and potassium using the Colwell method (Colwell, 1965); sulfur was measured as described in Blair et al. (1991); organic carbon was measured as described in Walkley and Armstrong Black (1934); nitrate nitrogen and ammonium nitrogen was extracted using 2 M KCl and measured as described in the water analysis; for electrical conductivity and pH the soil is was mixed with deionized water for an hour and measured using a pH and electrical conductivity probe, additionally CaCl is added to the mixture to 0.01 M and pH is measured with a pH probe; boron was measured by extracting soil using 0.01 M CaCl2 in a 1:4 ratio, heated to 90°C, and measured using ICP spectroscopy; trace elements (copper, zinc, manganese, and iron) were measured using diethylene-triamine-penta-acetic acid (DTPA) solution (1:2 ratio with the soil) for 2 h and measured using atomic absorption spectroscopy; calcium, magnesium, sodium, potassium, and aluminum were measured using a mixture of 0.1 M ammonium chloride and barium chloride (ratio 1:10) and measured using ICP spectroscopy.



2.3 DNA extraction and sequencing

DNA was extracted in triplicate from all 32 samples (0–10 cm soil, 20–30 cm soil, water, and salt brine for each of the eight lakes) using the following method: salt brine and soil samples were extracted using the FastDNA™ Spin Kit for Soil, using approximately 500 mg of sample. Alterations to the extraction protocol are as follows: 40 mg of sterilized skim milk powder was added to soil and salt brine samples. Prior to ribolyzing, the samples were subjected to three cycles of freeze-thawing in liquid nitrogen and a 95°C heat block. Ribolyzing was performed in triplicate at 6.5 m/s for 40 s in a Fast-Prep24™ ribolyzer with a 5-min icing stage between the ribolyzing. Water filter extractions followed the same protocol but did not include the addition of skim milk powder. Filter samples were cut into small pieces using a sterilized scalpel and added to the kit.

Triplicate DNA extractions were combined for sequencing at the Ramaciotti Centre for Genomics (Sydney, Australia). The bacterial 16S rRNA V1-V3 region was amplified using 27F-519R primers; the archaeal 16S rRNA V1-V3 region was amplified using A2F-519R primers; and the eukaryotic 18S rRNA V4 region was amplified using the forward primer CCAGCASCYGCGGTAATTCC and the reverse primer ACTTTCGTTCTTGATYRATGA. Fungal ITS gene sequences were amplified using the ITS1 forward and ITS4 reverse primers. All amplicons were sequenced using the Illumina MiSeq paired-end platform. Additional details regarding the sequencing and library preparation can be accessed through the official Australian Microbiome Initiative manual at https://www.australianmicrobiome.com/protocols/. All sequence data are available at the NCBI Sequence Read Archive, Bioproject PRJNA1037708.



2.4 Bioinformatic and statistical analysis

The quality of the amplicons was assessed using both FastQC2 and MultiQC (Ewels et al., 2016). Trimming, filtering, denoising, and taxonomic assignment of amplicon sequence variants (ASVs) was done using DADA2 version 1.29.0 following recommendations in the DADA2 protocols (Callahan et al., 2016). Contaminant sequences were removed using the Microdecon package version 1.2.0 (McKnight et al., 2019). Rarefication was done using Vegan version 2.6–4 (Oksanen et al., 2022). Additional detailed pre-processing information and rarefication curves can be found in Supplementary methods and Supplementary Figures 1–4.

In-house scripts were used to calculate the alpha diversity measures in R. Redundancy analysis (RDA) and Spearman’s correlation were used to evaluate the correlation of the environmental data to the microbial community matrix. RDA was conducted using the vegan::rda application, and significance testing of the RDA was done via PERMANOVA. The number of water samples was insufficient to create significant RDAs. Spearman’s correlation was done using rcor() from the Hmisc R package (Harrell, 2023). The Vegan package was used to create non-metric ordination (NMDS) plots using metaMDS on a Bray–Curtis dissimilarity matrix of the microbial data. ggplot2 was used to format all plots for presentation (Wickham, 2016).




3 Results


3.1 Bacterial and archaeal community composition

Alpha diversity measures of the bacterial communities indicate soil samples were more diverse on average when compared to salt brine and water samples (Figure 2A). The archaeal community had a wider Shannon index within the sample types compared to the bacterial community, and across the board, it had higher Shannon indices (Figure 2D). Lake 7 had the highest bacterial alpha diversity in the 0–10 cm soil samples and salt brine samples; Lake 3 had the highest diversity in the 20–30 cm depth; and Lake 1 had the highest diversity in the water samples. Lakes 5 and 6 generally had the lowest Shannon diversity indices in both the bacterial soil samples, and Lake 2 had low diversity in the archaeal 0–10 cm soil samples. Proteobacteria was the most abundant bacterial phyla across all sample types, excluding the water samples, which had the highest abundance of Cyanobacteria (Figure 2B). Bacteroidota and Actinobacteriota were abundant in the soil samples, whereas Firmicutes was abundant in the salt brine samples. When looking at the family level, 41% of the soil microbiota were classified as families with abundances below 3% (across all sample types), thus falling under the “Other” category (Figure 2C). The Acidithiobacilliaceae family was the most abundant bacterial family in the soil samples. Halophiles and thermophiles: Halobacterota, Crenarchaeota, and Nanohaloarcheota were the most abundant archaeal phyla across all sample types (Figure 2E). Halobacteriaceae, Haloferaceae, Nanosalinaceae, and Nitrosphaeraceae were the most abundant families across all sample types in the archaeal dataset (Figure 2F). The soil samples at 20–30 cm were the only sample type to have a high abundance of Nitrosotaleaceae and the Unclassified Group 1.1c family. Non-metric ordination plots revealed that the bacterial and microbial communities clustered based on sample type rather than location (Figure 3A). The soil samples at different depths clustered together on the ordination, which makes it less clear if the microbial communities at the different depths form distinct microbial communities. The ordination of the archaeal dataset does not show obvious clustering of sample types as seen for the bacterial dataset (Figure 3B). Lake 3 salt brine is plotted much further away from the remaining samples, suggesting its microbial community is quite different from all others.
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FIGURE 2
 (A) Shannon diversity index of the bacterial community grouped by sample type; blue shading represents the distribution of the values plotted. (B) Percentage abundance heatmap of the bacterial phyla grouped by sample type. (C) Percentage abundance heatmap of the bacterial families grouped by sample type. (D) Shannon diversity index of the archaeal community grouped by sample type. (E) Percentage abundance heatmap of the archaeal phyla grouped by sample type. (F) Percentage abundance heatmap of the archaeal families grouped by sample type. Taxonomic levels that constituted less than 3% of any sample type were represented under other.
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FIGURE 3
 (A) Non-metric ordination of bacterial microbial communities with a stress score of 0.188. (B) Non-metric ordination of archaeal microbial communities with a stress score of 0.21. (C) Non-metric ordination of the known bacterial iron and sulfur oxidizers/reducers, stress score 0.117, soil sample sites at a depth of 0–10 cm in blue, and soil sample sites at a depth of 20–30 cm in green.


Redundancy analysis of the soil and salt samples reveals that the bacterial diversity of many of the soil samples at both depths was positively correlated with potassium and conductivity and negatively related to pH, calcium, iron, and sulfur (Supplementary Figure 5). The bacterial diversity seen in 20–30 cm soil samples and salt brine samples of Lake 5 was positively correlated with sodium and negatively correlated with manganese ammonium and copper, whereas the diversity observed in all 20–30 cm soil samples, with the exception of Lake 5, is positively correlated with copper, conductivity, and potassium. The 0–10 cm soil samples are the most widely distributed sample type, suggesting these samples had less predictable environmental influences that drove the microbial community. Redundancy analysis of the archaeal soil and salt brine samples shows a distinct separation of salt brine samples from the soil samples, indicating the archaeal salt brine samples were driven by increased sodium, magnesium, and aluminum concentrations (Supplementary Figure 6).

A subset of known iron- and sulfur-oxidizing and reducing bacteria that have been previously identified in biomining contexts was created to obtain closer insight into these communities in the lakes sampled in this study. Non-metric ordination of this community reveals the most abundant iron oxidizer of the Acidithiobacillus family (9 M32 spp.), the iron- and sulfur-oxidizing haloacidophile Acidihalobacter spp., and the iron-reducing Aciditerrimonas spp. were closely associated with the 0–10 cm soil samples (Figure 3C). The remaining iron- and sulfur-oxidizing and reducing organisms were related to the 20–30 cm soil samples. Iron oxidizers, based on abundance data, were the most represented type of organism in the lakes, followed by sulfur oxidizers, sulfur reducers, and iron reducers, respectively. Spearman’s correlation of the same subset of genera in the soil and salt brine samples to the environmental data revealed significant positive correlations between aluminum concentrations and Sulfobacillus, iron and Desulfosporosinus, Desulfopila, and Acidocella, sodium, ammonium, and organic carbon with Desulfopila, and pH with Alanivorax and Acidicaldus. Significant negative correlations were reported between aluminum and Alcanivorax, boron and conductivity with Acidiphilium and Acidobacterium, copper with Acidobacterium and Alicyclobacillus, potassium with Acidicaldus and Sulfurimonas, magnesium with Alicyclobacillus, Acidobacterium, and Acidiphilium, manganese with 9 M32, Acidobacterium and Acidiphilium, sodium and Acidobacterium, pH with 9 M32, Sulfobacillus, and Acidihalobacter. These results can be viewed in Supplementary Figure 7.



3.2 Fungal and eukaryotic community composition

Alpha diversity of the fungal community shows much less variation than the bacterial and archaeal alpha diversity measures. Almost all samples have similar alpha diversity results, apart from the 0–10 cm soil samples of Lakes 3 and 4, which had a higher Shannon diversity index (Figure 4A). Alpha diversity measures of the eukaryotic community follow a similar trend as the bacterial and archaeal datasets, with the water samples having the lowest microbial diversity, followed by salt brine, 20–30 cm soil, and 0–10 cm soil samples with the highest average diversity (Figure 4B). Lakes 6 and 2 consistently had the lowest alpha diversity measures in comparison to the remaining samples, with the exception of the fungal water communities and the eukaryotic salt brine community of Lake 2. In terms of fungal phyla, all sample types were dominated by Ascomycota; the soil samples had the largest abundance of fungi that could not be classified past the phyla level (Figure 4C). The 20–30 cm soil samples were the only samples that had the Glomeromycota phylum present. In terms of family-level fungal classification, Sporomiaceae, Mycospaerellaceae, Hypocreales incertae sedis, Pleosporaceae, and Didymellaceae were the most abundant (Figure 4D). The majority of ASVs in the soil samples were assigned as “Unclassified Eukaryota,” highlighting how much of the eukaryotic dataset is unknown (Figure 4E). The phylum Archaeplastids was dominant in the water samples (which mostly consisted of the Chlamydomondales family, Figure 4F), and Opisthokonta was mostly present in the soil and salt brine samples.
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FIGURE 4
 (A) Shannon diversity index of the fungal community grouped by sample type. (B) Shannon diversity index of the eukaryotic community, grouped by sample type. (C) Percentage abundance heatmap of the fungal phyla grouped by sample type. (D) Percentage abundance heatmap of the fungal families grouped by sample type. (E) Percentage abundance heatmap of the eukaryotic phyla grouped by sample type. (F) Percentage abundance heatmap of the eukaryotic families grouped by sample type. Taxonomic levels that constituted less than 4% for ITS and 3% for 18S of any sample type were represented under Other.


NMDS of the fungal dataset reveals clustering of the salt brine samples, whereas the water and soil samples had overlap (Figure 5A). Lakes 3 and 4 salt brine samples were quite distinct from the other salt brine samples. The ordination of the eukaryotic dataset shows the clustering of the water samples to the right of the ordination (Figure 5B). Soil samples at different depths had considerable overlap, and the salt brine samples did not cluster. RDA of the fungi soil and salt samples indicates an increase in sodium concentrations, which correlated with salt brine samples, with the exception of Lake 1 (Supplementary Figure 8). Ammonium, manganese, and potassium were positively correlated and associated with 0–10 cm soil samples of Lakes 3 and 4 and subsequently negatively correlated with organic carbon. ANOVA testing indicated that copper, ammonium, and organic carbon were significant drivers of the variance. RDA of the eukaryotic soil and salt samples indicates all sample types of Lake 5 and the 0–10 cm soil and salt brine samples of Lakes 2 and 6 were positively correlated with sodium and organic carbon but negatively correlated with pH, calcium, sulfur, and iron (Supplementary Figure 9). The 20–30 cm soil samples of Lakes 4 and 6 were positively correlated with conductivity, aluminum, potassium, magnesium ammonium, copper, and manganese. Increased concentrations of pH, sulfur, calcium, and iron were positively correlated with the 20–30 cm soil samples of Lake 8 and the 0–10 cm soil samples of Lake 7. ANOVA testing of the model indicates that sulfur, sodium, potassium, and ammonium were significant predictors of variance.
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FIGURE 5
 (A) Non-metric ordination of fungal microbial communities with a stress score of 0.18. (B) Non-metric ordination of eukaryotic microbial communities with a stress score of 0.20.





4 Discussion

In this study, we have collected data to create a snapshot of the microbial community structure of eight acidic saline lakes across the Yilgarn Craton. It is evident that these lakes harbor an extremely hostile environment for biological life; however, we still observe great microbial diversity. We aimed to highlight microbes in the lakes that may have biotechnological applications as well as what environmental conditions drive differences in the microbial communities between the lakes. The biotechnological applications of halophiles and acidophiles are well known. Halophiles are sought for their production of compatible solutes, bioactive enzymes with pharmaceutical applications, pigment production, biofuel production, and many more (Dutta and Bandopadhyay, 2022). Acidophiles have been utilized for their acid-stable enzymes in baking, fruit processing, pharmaceuticals, biofuel production, and bioleaching (Rampelotto, 2016). Saline environments that are also acidic have been studied in the past in relation to Mars analogs. Through the exploration of the microbial ecology of these lakes and highlighting the abundant microbial players, we hope to facilitate focused bioprospecting efforts for microbes with application in saline biomining operations. In order to capture microbial communities exposed to extremely acidic conditions, lake selection was limited to those with water pH below 4. All water samples had a pH between 3.7 and 3.2; however, the soil and salt brine samples were between pH 4 and 6.5; thus, the soil and salt brine microbial communities are theoretically less adapted to acidity than the water samples.


4.1 Environmental drivers of the microbial communities

To gain an understanding of how the microbial communities in these acidic saline lakes relate to the geochemical data collected in this study, we utilized RDA analysis. Soil and salt brine samples were combined in the same RDA analysis as they were subject to the same chemical testing. Salt brine samples correlated with increased sodium concentrations across the range of organism classifications. The bacterial RDA model explained 20% of the constrained variance. Increased sodium, carbon, and sulfur were correlated with the salt brine samples, whereas increased manganese, copper, ammonium, conductivity, potassium, magnesium, and aluminum were correlated with the soil samples. ANOSIM identified sulfur, ammonium, organic carbon, and potassium as being the most significant variables in explaining the bacterial community variance. These chemicals are important in these environments as they provide energy sources, osmotic activity, and pH regulation in bacterial communities. Organic carbon and ammonium were repeatedly identified as significant in the RDA models for all the datasets, highlighting the importance of carbon and ammonium in the microbial composition of these lakes. Interestingly, sulfur and potassium were significant in the bacterial and eukaryotic models but not in the archaeal or fungal models. Copper was significant in the archaeal and fungal models but not in the bacterial or eukaryotic models. Copper concentrations in the lakes were extremely low, ranging from 0.17 to 1.52 ppm. Copper is an essential cofactor for multiple enzymes. Across all the datasets, the redundancy analysis models only explained between 16 and 27% of the variation in the microbial community composition. This may indicate that environmental parameters not measured in this study could be important drivers of communities. It would be preferable to do a longitudinal study of the change in microbial communities and environmental parameters to gain a better understanding of the environmental drivers in these lakes.



4.2 Microbial communities with possible biotechnological applications

The subset of bacteria previously identified in the biotechnological application of biomining was examined closely in the context of these acidic saline lakes. The ordination of this subset of iron- and/or sulfur-oxidizing and/or reducing bacteria revealed that the iron- and sulfur-reducing bacteria were closely related to the soil samples at 20–30 cm. This is to be expected, as iron and sulfur reduction processes require anaerobic conditions. Iron- and sulfur-oxidizing bacteria were associated with both soil depths. No genera had significant positive correlations with the sulfur concentrations; however, it is important to note that there was very little variation in sulfur concentration between the lakes sampled. There was a significant positive correlation between iron concentration and the presence of Desulfosporosinus, Desulfopila, and Acidocella. Desulfosporosinus and Desulfopila are acidophilic sulfate and iron-reducing bacteria and are commonly found in acid mine drainage environments (Bertel et al., 2012). Acidocella species have the capacity to reduce iron, therefore, a positive correlation with the iron concentration is expected. Although there are some significant correlations between the environmental data and the biotechnologically important genera, it is difficult to draw any conclusions on how lake conditions influence microbial communities as there is little environmental variation between several tested parameters. While bacteria that have been utilized in biomining were identified in this study, they were not dominant in the lakes sampled. This could be an indication that these lakes, high in acidity and salinity, are, as previously mentioned, an evolutionarily challenging environment. Multiple iron- and sulfur-oxidizing bacteria not previously used in biomining have been identified in this study, possibly indicating these acidic saline lakes in WA are ideal sites to search for novel candidates in biomining.



4.3 Bacterial communities

Water samples were the least diverse of all sample types, with soil samples being the most diverse. The low diversity of the water samples could be due to the high abundance of contaminating chloroplast and mitochondrial reads. Acetobacteraceae was one of the most abundant bacterial families in the salt brine and water samples, consisting of a combination of the Acidocella genus, the Acidiphilium genus, and multiple unclassified genera. Although these were the most abundant Acetobacteraceae genera in the water samples, this was only seen in specific lakes. Acidiphilium was in high abundance only in Lake 1 (13.4%) and Lake 3 (40.5%), and Acidocella was only abundant in Lake 4 (59%). Acidocella is a mesophilic, heterotrophic, iron-reducing acidophile that currently has four species and has been identified in acid mine drainage environments. The most abundant ASV in our dataset that contributed to 99% of the Acidocella reads in Lake 4 had the highest identity (97.69%) to Acidocella aminolytica and was exclusively present in the water samples of Lakes 3 and 4. No one environmental parameter was overly similar between Lakes 3 and 4, apart from their proximity, which was approximately 300 m between the lakes. The ability of Acidocella to produce gold nanoparticles in the recovery of printed circuit board waste has been investigated (Intan Nurul and Okibe, 2018). The most abundant Acidiphilium ASV in Lakes 1 and 3 water samples had the highest identity to A. multivorum (97.96 and 98.41%, respectively), an acidophilic, gram-negative, chemoorganotrophic sulfur-oxidizing bacteria that was isolated from AMD in Japan (Wakao et al., 1994). This genus has been hypothesized to be used in the production of acetic acid, is metal-resistant, and has also been identified as an extremely active sulfur oxidizer in industrial bioreactors leaching gold from pyrite–arsenopyrite concentrates (Micciche et al., 2020; Panyushkina et al., 2021). Salinisphaeraceae was another family in high abundance in the salt brine and water samples and consisted exclusively of the Salinisphaera genus, which is an aerobic facultative chemolithoautotrophic halophile and has been isolated from slightly acidic environments (Crespo-Medina et al., 2009; O’Dell et al., 2018). ASV8, the most dominant Salinisphaera read in the Lakes 6 and 7 water samples, and ASV17, the most abundant Salinisphaera read in Lakes 6 and 8, had the highest identity (94.67% and 94.47%, respectively) to S. aquimarina. No biotechnological applications of S. aquimarina have been identified in the current literature. The Acidithiobacilliaceae family was the most dominant family in the soil samples. The Acidithiobacilliaceae family includes the well-known Acidithiobacillus genus of extreme acidophiles that are susceptible to chloride ions. However, almost all ASVs in the Acidithiobacilliaceae family were classified as the uncultured 9 M32 genus. This brings into question whether the 9 M32 is possibly a genus of Acidithiobacilliaceae that is resistant to chloride ions and may have application in saline biomining. Previous research utilizing metagenomic data identified this genus in groundwater samples of another slightly acidic saline lake in WA and was related to putative sulfide-oxidizing microbes (Zaikova et al., 2018). Further sampling of Lake 6 soil samples would be ideal to possibly isolate and culture this microbe. The Inmirania genus was abundant in the 0–10 cm soil samples of Lake 5 (17.7%) and had the highest identity to I. thermothiophila (92%), which is a thermophilic sulfur oxidizer that was isolated from a shallow thermal vent in Russia (Slobodkina et al., 2016). I. thermothiophila has not been associated with any biotechnological applications, but its thermotolerance and sulfur oxidation capabilities may make it a good candidate to explore.



4.4 Archaeal communities

Halobacteriaceae, the most abundant family in the archaeal dataset, almost exclusively consisted of the Halarchaeum genus. The 0–10 cm soil sample in Lake 2 and the salt brine samples from Lakes 1 and 5 had the highest abundance of Halarchaeum ASVs, whereas they were in extremely low numbers in all other samples. Halarchaeum currently has six identified species, a number of which are moderately acidophilic and have a range of metabolic capabilities. The most abundant Halarchaeum ASVs had the highest identity to H. grantii, which is an aerobic, moderately acidophilic haloarchaeon (optimum pH of 5.5; Shimane et al., 2015). The majority of Halarcheum spp. have been isolated from natural saline environments and are mostly neutrophilic or alkaliphilic; therefore, identifying Halarcheum spp. in these acidic saline lakes may result in the discovery of more acidophilic Halarcheum species (Oren, 2017). Members of the Nanohaloarchaeota phylum are symbiotes of other archaea and are characterized by their nano-sized cells (Zhao et al., 2022). Lake 1 (0–10 cm), Lake 7 (0–10 cm and 20–30 cm soil), Lake 5 (salt brine), and Lake 8 water had approximately 50% of their archaeal 16S rRNA V3-V4 reads classified as Candidatus Haloredivivus. These reads were absent from all sample types in Lake 2 and in low amounts in Lakes 4 and 7. Candidatus Haloredivivus was originally identified in a hypersaline pond in Spain, and through genome analysis, it is hypothesized to live a photoheterotrophic lifestyle (Ghai et al., 2011). The 20–30 cm soil profiles of Lake 1, Lake 6, and Lake 8 were dominated by unclassified Nitrosotaleaceae. Although these reads could not be classified past family level, members of the Nitrosotaleaceae family have been identified in AMD environments and are known for their ability to oxidize ammonia for energy and play an important role in nitrification in acidic conditions (Gupta et al., 2021). Haloferacaceae was the second most abundant archaeal family in the dataset and had the highest abundance in the soil samples; however, it was not present in either of the Lake 2 soil samples or the 20–30 cm samples of Lake 10. The majority of Haloferacaceae ASVs were not classified past the family level. In some samples, Halorussus, Halolamina, and Halovarius were more abundant than unclassified Haloferacaceae reads. These genera are extremely halophilic gram-negative bacteria, are typically neutrophilic, and are aerobes (Oren and Ventosa, 2015). The archaeal communities in these lakes are dominated by extremely halophilic archaea. Although some genera identified in these lakes are moderately acidophilic, the lack of known acidophilic archaea may be an indication that salt stress is the more important environmental stressor that these communities are subjected to rather than acidity. Halophilic archaea are known to possess a multitude of functional proteins and metabolites that have applications in biotechnology (Singh and Singh, 2017).



4.5 Fungal communities

The fungal communities on average had the lowest diversity measures compared to the other microbial communities, with little variation in diversity between sample types. The greatest fungal diversity was observed in the 0–10 cm soil samples from Lakes 3 and 4 (4.19 and 4.09). The water sample from Lake 1 had the lowest fungal diversity (0.76). Sporormiaceae was an abundant family of fungi across the salt brine and 0–10 cm soil samples, which contain mostly saprobic coprophilous organisms. Preussia persica accounted for 40% of all Sporormiaceae reads and has been isolated from fecal matter and soil from across the world. This species of fungus is not known to be isolated in saline environments and has been of interest in previous studies searching for bioactive secondary metabolites (Gonzalez-menendez et al., 2017). The Mycosphaerellaceae family was most abundant in water samples, and almost all reads in this family were classified as Mycosphaerella tassiana, a phytopathogenic fungus that has been screened for amylase production (Saleem and Ebrahim, 2014). Pleosporaceae was made up of multiple genera in this dataset, including Alternaria spp., Stemphylium solani, and Neocamarosporium spp. These organisms are mostly known for their crop pathogenicity. The majority of the Didymellaceae family was not classified past its family level and is an incredibly species-rich family that is known to be phytopathogenic. Many of the largest fungi families identified in these lakes are not known for their association with saline or acidic environments. It is unclear if the fungi identified in these lakes were truly adapted to the saline and acidic environment or if they are dormant and merely surviving. If, in fact, the fungal species in these lakes are truly adapted to the saline and acidic conditions of the environment, further research may be able to elucidate their application in biotechnological applications, as for other halotolerant fungi such as biofuel.



4.6 Eukaryotic communities

The eukaryotic communities were generally less diverse compared to the bacterial and archaeal communities. The lowest average eukaryotic diversity was observed in the water samples, whereas the 0–10 cm soil samples had a range of diversities between the lakes. The majority of the eukaryotic sequences were not classified past the kingdom level, highlighting the lack of phylogenetic clarity of the eukaryotic microbes that inhabit these environments. Dunaliella salina, an alga commonly found in hypersaline environments, was the most abundant eukaryote in the water samples. D. salina has been of interest for its high carotenoid, lipid, and glycerol content, ideal for application in the cosmetic industry and biofuels (Monte et al., 2020). Common eukaryotes found in acidic environments were absent from these lakes.




5 Conclusion

Acid-saline lakes, although described as having some of the most biologically hostile conditions, clearly harbor a wide diversity of microorganisms. Through this study, we hoped to gain insight into the environmental conditions that drive microbial community composition and to understand what types of iron- and sulfur-oxidizing bacteria and archaea with potential applications in biomining are inhabiting these lakes. Further studies of these lakes should be conducted to isolate more novel biomining organisms, and the current study has identified that soil samples are the best area to target in this quest. A future study of these lakes will also shed light on the evolutionary mechanisms of haloacidophiles, which is an evolutionarily rare occurrence.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: NCBI—PRJNA1030493.



Author contributions

KB: Data curation, Methodology, Writing – original draft, Writing – review & editing. TS: Conceptualization, Resources, Supervision, Writing – review & editing. EW: Conceptualization, Funding acquisition, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The Australian Microbiome Initiative was supported by funding from Bioplatforms Australia and the Integrated Marine Observing System (IMOS) through the Australian Government’s National Collaborative Research Infrastructure Strategy (NCRIS), Parks Australia through the Bush Blitz program funded by the Australian Government and BHP, and the CSIRO. KB acknowledges support through an Australian Government Research Training Program Scholarship.



Acknowledgments

The authors would like to acknowledge the contribution of the Australian Microbiome Consortium to the generation of the data used in this publication.



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.2024.1308797/full#supplementary-material



Footnotes

1   
https://www.australianmicrobiome.com/protocols/


2   
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/




References

 Baker-Austin, C., and Dopson, M. (2007). Life in acid: pH homeostasis in acidophiles. Trends Microbiol. 15, 165–171. doi: 10.1016/j.tim.2007.02.005 

 Benison, K., and Bowen, B. (2015). The evolution of end-member continental waters: the origin of acidity in southern Western Australia. GSA Today 25, 4–10. doi: 10.1130/GSATG231A.1


 Bertel, D., Peck, J., Quick, T. J., and Senko, J. M. (2012). Iron transformations induced by an acid-tolerant Desulfosporosinus species. Appl. Environ. Microbiol. 78, 81–88. doi: 10.1128/AEM.06337-11 

 Blair, G. J., Chinoim, N., Lefroy, R. D. B., Anderson, G. C., and Crocker, G. J. (1991). A soil sulfur test for pastures and crops. Soil Res 29, 619–626. doi: 10.1071/SR9910619


 Bowen, B. B., and Benison, K. C. (2009). Geochemical characteristics of naturally acid and alkaline saline lakes in southern Western Australia. Appl. Geochem. 24, 268–284. doi: 10.1016/j.apgeochem.2008.11.013


 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869 

 Cassidy, K., Champion, D., Krapez, B., Mark Barley, S. J. A., Brown, R. B., Groenewald, B., et al. (2006). A revised geological framework for the Yilgarn craton. Western Australia Geological Survey of Western Australia.


 Chen, M., and Schlömann, M. (2023). “Mineral bioleaching in brackish and saline environments” in Biomining technologies: Extracting and recovering metals from ores and wastes. eds. D. B. Johnson, C. G. Bryan, M. Schlömann, and F. F. Roberto (Cham: Springer International Publishing).


 Colwell, J. D. (1965). An automatic procedure for the determination of phosphorus in sodium hydrogen carbonate extracts of soils. Chem. Ind., 22, 893–895.


 Corbett, M. K., and Watkin, E. L. J. (2023). Bioprospecting for and the applications of halophilic acidophiles in bioleaching operations. Microbiology 44, 45–48. doi: 10.1071/MA23011


 Crespo-Medina, M., Chatziefthimiou, A., Cruz-Matos, R., Pérez-Rodríguez, I., Barkay, T., Lutz, R. A., et al. (2009). Salinisphaera hydrothermalis sp. nov., a mesophilic, halotolerant, facultatively autotrophic, thiosulfate-oxidizing gammaproteobacterium from deep-sea hydrothermal vents, and emended description of the genus Salinisphaera. Int. J. Syst. Evol. Microbiol. 59, 1497–1503. doi: 10.1099/ijs.0.005058-0 

 Dutta, B., and Bandopadhyay, R. (2022). Biotechnological potentials of halophilic microorganisms and their impact on mankind. Beni Suef Univ J Basic Appl Sci 11:75. doi: 10.1186/s43088-022-00252-w 

 Ewels, P., Magnusson, M., Lundin, S., and Käller, M. (2016). MultiQC: summarize analysis results for multiple tools and samples in a single report. Bioinformatics 32, 3047–3048. doi: 10.1093/bioinformatics/btw354 

 George, R., Clarke, J., and English, P. (2008). Modern and palaeogeographic trends in the salinisation of the Western Australian wheatbelt: a review. Soil Res 46, 751–767. doi: 10.1071/SR08066


 Ghai, R., Pašić, L., Fernández, A. B., Martin-Cuadrado, A.-B., Mizuno, C. M., McMahon, K. D., et al. (2011). New abundant microbial groups in aquatic hypersaline environments. Sci. Rep. 1:135. doi: 10.1038/srep00135 

 Gonzalez-menendez, V., Martin, J., Siles, J. A., Reyes Gonzalez-tejero, M., Reyes, F., Platas, G., et al. (2017). Biodiversity and chemotaxonomy of Preussia isolates from the Iberian Peninsula. Mycol. Prog. 16, 713–728. doi: 10.1007/s11557-017-1305-1


 Gumulya, Y., Boxall, N. J., Khaleque, H. N., Santala, V., Carlson, R. P., and Kaksonen, A. H. (2018). In a quest for engineering acidophiles for biomining applications: challenges and opportunities. Genes 9:116. doi: 10.3390/genes9020116 

 Gupta, A., Saha, A., and Sar, P. (2021). Thermoplasmata and Nitrososphaeria as dominant archaeal members in acid mine drainage sediment of Malanjkhand copper project, India. Arch. Microbiol. 203, 1833–1841. doi: 10.1007/s00203-020-02130-4 

 Hallberg, K. B., Grail, B. M., du Plessis, C. A., and Barrie Johnson, D. (2011). Reductive dissolution of ferric iron minerals: a new approach for bio-processing nickel laterites. Miner. Eng. 24, 620–624. doi: 10.1016/j.mineng.2010.09.005


 Harrell, F. (2023). 'Hmisc: Harrell Miscellaneous_. R package version 5.1-1′. Available at: https://CRAN.R-project.org/package=Hmisc.


 Hatton, T. J., Ruprecht, J., and George, R. J. (2003). Preclearing hydrology of the Western Australia wheatbelt: target for the future? Plant and Soil 257, 341–356. doi: 10.1023/A:1027310511299


 Intan Nurul, R., and Okibe, N. (2018). Size-controlled production of gold bionanoparticles using the extremely acidophilic Fe(III)-reducing bacterium, Acidocella aromatica. Fortschr. Mineral. 8:81. doi: 10.3390/min8030081


 Johnson, D. B. (2018). The evolution, current status, and future prospects of using biotechnologies in the mineral extraction and metal recovery sectors. Fortschr. Mineral. 8:343. doi: 10.3390/min8080343


 Johnson, D. B., and Schippers, A. (2017). Editorial: recent advances in Acidophile microbiology: fundamentals and applications. Front. Microbiol. 8:428. doi: 10.3389/fmicb.2017.00428


 Marrero, J., Coto, O., Goldmann, S., Graupner, T., and Schippers, A. (2015). Recovery of nickel and cobalt from laterite tailings by reductive dissolution under aerobic conditions using Acidithiobacillus species. Environ. Sci. Technol. 49, 6674–6682. doi: 10.1021/acs.est.5b00944 

 McKnight, D. T., Huerlimann, R., Bower, D. S., Schwarzkopf, L., Alford, R. A., and Zenger, K. R. (2019). microDecon: a highly accurate read-subtraction tool for the post-sequencing removal of contamination in metabarcoding studies. Environ. DNA 1, 14–25. doi: 10.1002/edn3.11


 Micciche, A. C., Barabote, R. D., Dittoe, D. K., and Ricke, S. C. (2020). In silico genome analysis of an acid mine drainage species, Acidiphilium multivorum, for potential commercial acetic acid production and biomining. J. Environ. Sci. Health B 55, 447–454. doi: 10.1080/03601234.2019.1710985 

 Monte, J., Ribeiro, C., Parreira, C., Costa, L., Brive, L., Casal, S., et al. (2020). Biorefinery of Dunaliella salina: sustainable recovery of carotenoids, polar lipids and glycerol. Bioresour. Technol. 297:122509. doi: 10.1016/j.biortech.2019.122509 

 O’Dell, K. B., Hatmaker, E. A., Guss, A. M., and Mormile, M. R. (2018). 'Complete genome sequence of Salinisphaera sp. Strain LB1, a moderately halo-acidophilic bacterium Isolated from Lake Brown, Western Australia. Microbiol Resour Announc 7:18. doi: 10.1128/mra.01047-18


 Oksanen, J., Gavin Simpson, F., Blanchet, G., Kindt, R., Legendre, P., and RO'Hara, P. M. (2022). '_vegan: Community Ecology Package_. R package version 2.6–4′. Available at: https://CRAN.R-project.org/package=vegan.


 Oren, A. (2017). The order Halobacteriales. (Springer New York: New York, NY).


 Oren, A., and Ventosa, A. (2015). “Haloferacaceae” in Bergey's manual of systematics of Archaea and Bacteria John Wiley & Sons, Inc., in association with Bergey’s Manual Trust. Edited by: Xue-wei Xu, Second Institute of Oceanography, MNR, Hangzhou, P.R. China


 Panyushkina, A., Bulaev, A., and Belyi, A. V. (2021). Unraveling the central role of sulfur-oxidizing Acidiphilium multivorum LMS in industrial bioprocessing of gold-bearing sulfide concentrates. Microorganisms 9:984. doi: 10.3390/microorganisms9050984 

 Rampelotto, P. H. (2016). Biotechnology of extremophiles: Advances and challenges. (Springer International Publishing: Cham).


 Rea, S. M., McSweeney, N. J., Degens, B. P., Morris, C., Siebert, H. M., and Kaksonen, A. H. (2015). Salt-tolerant microorganisms potentially useful for bioleaching operations where fresh water is scarce. Miner. Eng. 75, 126–132. doi: 10.1016/j.mineng.2014.09.011


 Roberto, F. F., and Schippers, A. (2022). Progress in bioleaching: part B, applications of microbial processes by the minerals industries. Appl. Microbiol. Biotechnol. 106, 5913–5928. doi: 10.1007/s00253-022-12085-9 

 Rohwerder, T., Gehrke, T., Kinzler, K., and Sand, W. (2003). Bioleaching review part a: Progress in bioleaching: fundamentals and mechanisms of bacterial metal sulfide oxidation. Appl. Microbiol. Biotechnol. 63, 239–248. doi: 10.1007/s00253-003-1448-7 

 Saleem, A., and Ebrahim, M. K. H. (2014). Production of amylase by fungi isolated from legume seeds collected in Almadinah Almunawwarah, Saudi Arabia. J Taibah Univ Sci 8, 90–97. doi: 10.1016/j.jtusci.2013.09.002


 Shimane, Y., Minegishi, H., Echigo, A., Kamekura, M., Itoh, T., Ohkuma, M., et al. (2015). Halarchaeum grantii sp. nov., a moderately acidophilic haloarchaeon isolated from a commercial salt sample. Int. J. Syst. Evol. Microbiol. 65, 3830–3835. doi: 10.1099/ijsem.0.000501


 Simmons, S., and Norris, R. (2002). Acidophiles of saline water at thermal vents of Vulcano, Italy. Extremophiles 6, 201–207. doi: 10.1007/s007920100242 

 Singh, A., and Singh, A. K. (2017). Haloarchaea: worth exploring for their biotechnological potential. Biotechnol. Lett. 39, 1793–1800. doi: 10.1007/s10529-017-2434-y 

 Slobodkina, G. B., Baslerov, R. V., Novikov, A. A., Viryasov, M. B., Bonch-Osmolovskaya, E. A., and Slobodkin, A. I. (2016). Inmirania thermothiophila gen. Nov., sp. nov., a thermophilic, facultatively autotrophic, sulfur-oxidizing gammaproteobacterium isolated from a shallow-sea hydrothermal vent. Int. J. Syst. Evol. Microbiol. 66, 701–706. doi: 10.1099/ijsem.0.000773 

 Suzuki, I., Lee, D., Mackay, B., Harahuc, L., and Oh, J. K. (1999). Effect of various ions, pH, and osmotic pressure on oxidation of elemental sulfur by Thiobacillus thiooxidans. Appl. Environ. Microbiol. 65, 5163–5168. doi: 10.1128/AEM.65.11.5163-5168.1999 

 Wakao, N., Nagasawa, N., Matsuura, T., Matsukura, H., Matsumoto, T., Hiraishi, A., et al. (1994). Acidiphilium multivorum sp. nov., an acidophilic chemoorganotrophic bacterium from pyritic acid mine drainage. J. Gen. Appl. Microbiol. 40, 143–159. doi: 10.2323/jgam.40.143


 Walkley, A., and Armstrong Black, I. (1934). 'An Examination of the Degtjareff Method for Determining Soil Organic Matter, and a Proposed Modification of the Chromic Acid Titration Method. Soil Sci. 37, 29–38. doi: 10.1097/00010694-193401000-00003


 Wickham, H. (2016). ggplot2: Elegant graphics for data analysis (Springer-Verlag: New York).


 Zaikova, E., Benison, K. C., Mormile, M. R., and Johnson, S. S. (2018). Microbial communities and their predicted metabolic functions in a desiccating acid salt lake. Extremophiles 22, 367–379. doi: 10.1007/s00792-018-1000-4 

 Zammit, C., Mutch, L., Watling, H., and Watkin, E. (2009). The characterization of salt tolerance in biomining microorganisms and the search for novel salt tolerant strains. Adv. Mat. Res., 71-73, 283–286. doi: 10.4028/www.scientific.net/AMR.71-73.283


 Zhao, D., Zhang, S., Kumar, S., Zhou, H., Xue, Q., Sun, W., et al. (2022). Comparative genomic insights into the evolution of Halobacteria-associated “Candidatus Nanohaloarchaeota”. mSystems 7, e00669–e00622. doi: 10.1128/msystems.00669-22



Copyright
 © 2024 Boase, Santini and Watkin. 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.







 


	
	
ORIGINAL RESEARCH
published: 11 March 2024
doi: 10.3389/fmicb.2024.1358788








[image: image2]

Fe(III) bioreduction kinetics in anaerobic batch and continuous stirred tank reactors with acidophilic bacteria relevant for bioleaching of limonitic laterites

Agathe Hubau*, Catherine Joulian, Hafida Tris, Douglas Pino-Herrera, Camille Becquet and Anne-Gwénaëlle Guezennec


BRGM, Orléans, France

Edited by
 Axel Schippers, Federal Institute for Geosciences and Natural Resources, Germany

Reviewed by
 Srdjan Stanković, University of Belgrade, Serbia
 Ivan Nancucheo, Universidad San Sebastián, Chile
 Ana Laura Santos, Natural History Museum, United Kingdom

*Correspondence
 Agathe Hubau, a.hubau@brgm.fr 

Received 20 December 2023
 Accepted 19 February 2024
 Published 11 March 2024

Citation
 Hubau A, Joulian C, Tris H, Pino-Herrera D, Becquet C and Guezennec A-G (2024) Fe(III) bioreduction kinetics in anaerobic batch and continuous stirred tank reactors with acidophilic bacteria relevant for bioleaching of limonitic laterites. Front. Microbiol. 15:1358788. doi: 10.3389/fmicb.2024.1358788
 

In the framework of the H2020 project CROCODILE, the recovery of Co from oxidized ores by reductive bioleaching has been studied. The objective was to reduce Fe(III) to Fe(II) to enhance the dissolution of Co from New-Caledonian limonitic laterites, mainly composed of goethite and Mn oxides. This study focused on the Fe(III) bioreduction which is a relevant reaction of this process. In the first step, biomass growth was sustained by aerobic bio-oxidation of elemental sulfur. In the second step, the biomass anaerobically reduced Fe(III) to Fe(II). The last step, which is not in the scope of this study, was the reduction of limonites and the dissolution of metals. This study aimed at assessing the Fe(III) bioreduction rate at 35°C with a microbial consortium composed predominantly of Sulfobacillus (Sb.) species as the iron reducers and Acidithiobacillus (At.) caldus. It evaluated the influence of the biomass concentration on the Fe(III) bioreduction rate and yield, both in batch and continuous mode. The influence of the composition of the growth medium on the bioreduction rate was assessed in continuous mode. A mean Fe(III) bioreduction rate of 1.7 mg·L−1·h−1 was measured in batch mode, i.e., 13 times faster than the abiotic control (0.13 mg·L−1·h−1). An increase in biomass concentrations in the liquid phase from 4 × 108 cells·mL−1 to 3 × 109 cells·mL−1 resulted in an increase of the mean Fe(III) bioreduction rate from 1.7 to 10 mg·L−1·h−1. A test in continuous stirred tank reactors at 35°C resulted in further optimization of the Fe(III) bioreduction rate which reached 20 mg·L−1·h−1. A large excess of nutrients enables to obtain higher kinetics. The determination of this kinetics is essential for the design of a reductive bioleaching process.

Keywords
 reductive bioleaching; iron bioreduction; sulfur biooxidation; ferric iron; acidophilic microorganisms; anaerobic


1 Introduction

Cobalt (Co) has exceptional high-temperature strength, corrosion resistance, catalytic, and electrochemical properties, which make it a crucial element for high-performance applications. Due to the development of these applications, and in particular lithium-ion batteries, the cobalt demand is growing rapidly. Co was thus classified by the European Commission as a critical raw material (European Commission, 2020). In this context, the CROCODILE project aimed at developing innovative metallurgical systems based on advanced pyro-, hydro-, bio-, iono-, and electrometallurgy technologies for the recovery of Co and the production of Co metal and upstream products from a wide variety of secondary and primary European resources (Crocodile Project, 2018).

During primary mining, Co is with few exceptions a by-product of copper and nickel (Ni) primary production. The majority of global Ni resources are hosted by laterite deposits and the remaining portion in sulfide deposits (Mudd and Jowitt, 2014). Owing to the exhaustion of higher grade sulfidic deposits as well as to the increase in demand for Ni, the production of Ni from laterites continues to increase. Laterite deposits are characterized by the presence of two distinct zones:

• A limonite zone near the surface where Ni is mainly hosted in ferric iron oxides, typically goethite (FeOOH) and to a lesser extent in Mn oxides. Ni content usually varies between 1 and 2%.

• A lower saprolite zone that is dominated by hydrous magnesium silicates (MgO > 20%), with a nickel content varying between 1.5 and 2.5%.

Saprolite is usually treated via pyrometallurgical reduction. In contrast, limonite cannot be economically treated via pyrometallurgy due to the combination of a high Fe and a low Ni content. Limonite ore is traditionally processed through pressure acid leaching (PAL). Unfortunately, PAL plants have often proven to be very costly, plagued with technical challenges (Oxley et al., 2016). Still today, a large proportion of limonite ore is stockpiled for future processing. Reductive bioleaching is one of the metallurgical options that are currently studied to extract Co and Ni from limonite.

During reductive bioleaching, the main following reactions occur:
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Goethite equilibrium in the acid environment is shifted toward its dissolution (Eq. 1), due to acid generation and bioreduction of Fe(III) to Fe(II) (Eq. 2). This bioreduction also produces the ferrous iron involved in Mn oxide dissolution (Eq. 3). The concept of reductive bioleaching was first introduced by Hallberg et al. (2011). Since then, several studies dealing with the proof of concept of reductive bioleaching have been released (Johnson and du Plessis, 2015; Marrero et al., 2015; Santos et al., 2020, 2022; Johnson and Pakostova, 2021; Stankovic et al., 2022). These studies are mainly dedicated to the study of microorganisms, with a microbiological approach. Very few studies are dealing with process engineering approaches (kinetics data, mass transfer phenomena, etc.). In anaerobic conditions, existing studies only report bioreduction kinetics data obtained with Acidithiobacillus (At.) ferrooxidans. In particular, Kucera et al. (2012) revealed a bioreduction rate of 26.1 mg·L−1·h−1 while in the study of Pronk et al. (1992) bioreduction rate reached 25.6 mg·L−1·h−1. A recent study from Breuker and Schippers (2024) reported a value of 19.9 mg·L−1·h−1 in anaerobic conditions in the presence of 107 cells·mL−1 for At. ferrooxidans after tetrathionate growth in aerobic conditions. However, it is admitted that the use of microbial consortia generally increases the kinetics compared to pure cultures, due to the synergistic effects between microorganisms (Mahmoud et al., 2017). Thus, determining bioreduction kinetics in the presence of microbial consortia is of great interest. Obtaining kinetics data (and in particular Fe(III) bioreduction kinetics as one of the key reactions for the process) is necessary for reactor sizing and other engineering aspects, which will impact the economic and environmental assessments of such processes.

The objective of this study was thus to determine Fe(III) bioreduction kinetics in anaerobic conditions (Eq. 2) in the presence of a microbial consortium containing Acidithiobacillus and Sulfobacillus species. Due to the limited growth of microbial communities under anaerobic conditions, microbial growth was first performed in aerobic conditions using sulfur as an electron donor, followed by Fe(III) bioreduction kinetics experiments. The microbial consortium was initially composed of different microorganisms and was grown at 35°C. The ferric iron sulfate (Fe2(SO4)3) bioreduction rate was first measured in batch mode. It was then determined in the presence of different biomass concentrations in the liquid phase (108 cells·mL−1 and 109 cells·mL−1). Finally, the Fe(III) bioreduction rate was evaluated in continuous mode in the presence of two different growth media.



2 Materials and methods


2.1 Growth media

Two different growth media were used. One, named “ABS-TE medium”, contained acidophilic basal salts (ABS) and trace elements (TE) (Ñancucheo et al., 2016) supplemented with 100 μmol·L−1 ferrous iron sulfate and pH adjusted to 2.0 with sulfuric acid. The second one was the so-called 0Km medium (Collinet-Latil, 1989), which is much more concentrated in nutrients than the ABS-TE medium but does not contain any iron.

In some experiments, the medium was supplemented with Fe(II) or Fe(III), through the addition of FeSO4.7H2O (Acros Organics) or Fe2(SO4)3.xH2O (Alfa Aesar). Two types of sulfur were used: (i) laboratory-grade sulfur (sulfur powder −100 mesh refined from Aldrich); (ii) coarse sulfur (sulfur pearls from Aquamedic that were slightly milled with bar crusher and sieved to keep the particles between 400 μm and 2.5 mm).



2.2 Culture

The microbial consortium that was used in this study was provided by Prof. Barrie Johnson from the Bangor Acidophile Research Team at Bangor University, United Kingdom. Upon reception, the consortium was subcultured in ABS medium (Ñancucheo et al., 2016) supplemented with 0.5% (w/v) elemental sulfur in shake flasks. The culture was incubated at 35°C for 4 days on a shaker at 100 rpm, and microbial growth was checked via pH measurements and cell counting (see Section 2.5). Fresh medium was inoculated again, and after several times of subculturing, the microbial consortium composition was checked via tRFLP (described in Section 2.5). Acidithiobacillus (At.) caldus was identified as the dominant species in addition to Sulfobacillus (Sb.) thermosulfidooxidans (relative proportion of 24%).



2.3 Bioreduction in batch mode


2.3.1 Stirred tank reactor (STR) equipment

Bioreduction experiments were performed in batch mode in laboratory-scale glass bioreactors with a working capacity of 2 or 4 L. The bioreactors were jacketed for warm water circulation to maintain a constant operating temperature. The temperature of the circulating water was controlled by a cryothermostat and thermocouples placed in the bioreactors. The bioreactors were equipped with four baffles mounted 90° apart and extended down to the base of the vessel to optimize the mixing of pulp. The agitation was performed using a dual impeller system (axial/radial) consisting of a standard 6-blade Rushton turbine combined with a 3-blade 45° axial flow impeller. The gas supply system was designed to accommodate air or N2, enriched or not with 1% CO2 (v/v). The gas was injected beneath the turbine at the bottom of the bioreactors via a stainless steel pipe. The impellers and the gas injection pipe were positioned to respect the standard dimensions and thus to optimize gas mass transfer and mixing in the bioreactors. The top of the reactors was connected to a gas cooling system to prevent excessive evaporation.



2.3.2 Operating conditions

The growth phase was performed in aerobic mode on elemental sulfur in a 4 L-STR (Figure 1). Bioreactor was inoculated with 10% (v/v) in the ABS-TE medium supplemented with 1% (w/w) laboratory-grade sulfur, and the air flow rate was 425 nmL·min−1 with 1% CO2 (v/v). At the end of the growth phase, pulp biomass concentration reached 3 × 109 cells·mL−1 (see Section 2.5 for the methodology for cell counting). At. caldus was dominant over Sulfobacillus and represented about two-third of the pulp bacteria (see Section 2.5 for the methodology for microbial community monitoring). This pulp was then used to inoculate three bioreduction STRs (2 L) containing 4.5 g·L−1 Fe(III). In reactor A, inoculation was done with 200 mL (10% (v/v), corresponding to an initial biomass concentration in the 2 L-STR of 3 × 108 cells·mL−1). In reactor B, inoculation was performed with 1,500 mL (75% (v/v), corresponding to an initial biomass concentration in the 2 L-STR of 2 × 109 cells·mL−1). In reactor C, inoculation was performed with a pellet obtained after centrifugation of 1,500 mL of pulp at 5000 g for 10 min (corresponding to an initial biomass concentration in the 2 L-STR of 2 × 109 cells·mL−1). All bioreduction reactors were gassed with N2 (425 nmL·min−1) supplemented with 1% CO2 (v/v), and the stirring speed was set to 500 rpm. Dissolved oxygen was punctually measured with a FDO 925 probe (from WTW) to ensure that anaerobic conditions were maintained.
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FIGURE 1
 Schematic diagram of the experiments performed in batch mode at different initial biomass concentration at 35°C.





2.4 Bioreduction in continuous mode

The experimental devices used in batch mode were also used in continuous mode. The operation was performed in a cascade pilot, with a 2 L-STR in the first step (biomass growth) called “R1” and a 4 L-STR in the second step (Fe(III) bioreduction) called “R2” (Figure 2).

[image: Figure 2]

FIGURE 2
 Schematic diagram and image of the experimental device used during the operation in continuous mode.


The pilot experiment was started by inoculating the 2 L-STR (R1) in batch mode. When the pH reached 1.5, the continuous mode was started. The pilot was operated in two stages, corresponding to two different growth media. During the first stage, the medium was ABS-TE, while in the second stage, it was 0Km medium supplemented with 1.5 g·L−1 Fe(II) (Table 1). In both cases, the pH of the medium was set to 2.0, and coarse elemental sulfur (2.4% w/v) was used.



TABLE 1 Measured growth media composition (in mg·L−1) during the different stages of the bioreduction continuous operation.
[image: Table1]

A peristaltic pump was used to add the medium in continuous mode in the first STR (R1). The incoming flow rate was set at 26.5 mL·h−1 so that the hydraulic residence time (HRT) was 70 h. Small deviations happened, thus leading to a HRT in R1 of 73 h (± 2 h) during the first stage and 63 h during the second stage. The air flow rate in R1 was set to 885 nmL·min−1 enriched with 1% CO2. The STR was also fed with coarse sulfur by means of a dosing screw (Dosapro Milton Roy) controlled with a programmable logic controller (Siemens LOGO!). The flow rate of solids was set to 0.675 g·h−1 so that the solid concentration was 2.4% (w/v). To adjust the pH to 1.5 in R1, K2CO3 at a concentration of 4 mol·L−1 was added with a peristaltic pump. STR stirring speed was set at 650 rpm, and the temperature was maintained at 35°C.

The outflow (pulp) from R1 was removed with a peristaltic pump and injected into the Fe(III) bioreduction reactor (R2) that was fed continuously. The theoretical HRT was 128 h in the R2, with a stirring speed of 570 rpm. As for R1, similar deviations were observed on R2 HRT, which reached 135 h during stage 1 (ABS-TE medium) and 111 h during stage 2 (0Km medium). A peristaltic pump was used to inject a Fe(III)-rich solution (approximately 22 g·L−1) in this reactor with a flow rate of 3 mL·h−1 (total Fe concentration in the reactor was approximately 2.4 g·L−1). N2 was continuously injected to obtain anaerobic conditions (150 nmL·min−1). Dissolved oxygen was punctually measured with an FDO 925 probe (from WTW) to ensure that anaerobic conditions were maintained.



2.5 Monitoring of the bioreduction experiments

The pH value and the redox potential were measured daily for all experiments. When the pH was controlled at a fix value, H2SO4 96% or K2CO3 2 or 4 mol·L−1 was added manually to reach the set point. Water was added on a daily basis (visual determination of the level of the pulp in the reactor) to compensate water losses due to evaporation. The correlation from Yue et al. (2014) was used to determine the Fe(III) to Fe(II) concentration ratio from the redox potential measurement. The estimation of the bioreduction rate was based on Fe(II) concentration estimation because Fe(III) tends to precipitate by contrast to Fe(II). In batch mode, two rates were determined: (i) The maximal bioreduction rate was determined through the maximal increase of Fe(II) concentration between two measures; (ii) the mean bioreduction rate was determined through the Fe(II) production rate between the beginning and the end of the bioreduction period.

Concentrations of Fe and K in the liquid phase were determined by microwave plasma atomic emission spectroscopy (MP-AES) using a MP-AES 4210 from Agilent Technologies. Mg concentrations were determined by inductive coupled plasma-optical emission spectrometry (ICP-OES, Horiba Jobin Yvon Ultima 2). The concentration of SO42− was determined by ion chromatography (with 940 professional IC Vario from Metrohm). NH4+ and PO43− concentrations were determined by colorimetric assays in accordance with the NF ISO 15923-1 standard.

The number of microorganisms in the liquid phase was monitored by microscopic counting with a Thoma cell counting chamber. For DNA-based analyses, pulp samples (2 mL) were centrifuged and the pellets were washed by re-suspension in Tris buffer (100 mM, pH 8) until nearly pH 7. The microbial DNA was extracted from the washed pellets with the FastDNA Spin Kit for Soil and using the manufacturer’s protocol (MP Biomedicals) and a FastPrep®-24 instrument at a speed of 5 m·s−1 for 30 s. The bacterial community structure was assessed by molecular fingerprinting of the 16S rRNA gene as a universal marker of bacteria. Community fingerprints were obtained by tRFLP, as described in Hedrich et al. (2016). The software BioNumerics (Applied Maths) was used to realign the peak profiles based on internal standard migration, assign peak positions, and calculate relative abundances (proportion) on the basis of peak heights. The comparison of the peaks’ position with the peak profile of reference bioleaching strains allowed to distinguish Sulfobacillus species (thermosulfidooxidans, thermotolerans, acidophilus) from Acidithiobacillus species, Sb. acidophilus from Sb. thermosulfidooxidans/thermotolerans, and At. caldus from other Acidithiobacillus species (ferridurans, ferrooxidans, ferrivorum).

In the case of the continuous experiment, the taxonomic composition of the microbial community members was also determined, using metabarcoding of the V3–V4 16S rRNA gene region targeted with primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′). Amplicon libraries, Illumina MiSeq sequencing, base calling, demultiplexing, and Fastq generation were performed by the ADNid sequencing company (Montpellier, France). The bioinformatics pipeline FROGS (Escudié et al., 2017) was used, as described in Joulian et al. (2020). After taxonomic affiliation using the 138.1 Silva database, filtration was done at a minimum identity of 97% and minimum coverage of 99%. Normalization was performed by random resampling of the sequences to have an equal number of 6,081 good-quality sequences for each sample. Operating taxon units (OTUs) retrieved in the PCR control were considered as contaminant sequences and therefore removed. Finally, seed sequences of OTU were subjected to comparison with GenBank 16S rRNA gene reference sequences using Blastn and the implemented distance tree of result tool,1 to refine OTU taxonomy, when affiliated to a same genus or family. After all these steps, a clean OTU table was generated. Raw Fastq data are available under the BioProject PRJEB71394.




3 Results


3.1 Kinetics of ferric iron sulfate bioreduction in batch mode

Kinetics of Fe(III) bioreduction in anaerobic conditions were first evaluated in batch mode. The influence of the initial biomass concentration on the bioreduction rate was determined. Biomass was grown on sulfur under aerobic conditions. Different amounts of inoculum were then added to STR used to perform the bioreduction.

As seen on Figure 3A, experiments B and C began with a biomass concentration of 3 × 109 cells·mL−1. However, in C, the inoculum was first centrifuged to reduce its volume. The experiment A began with a biomass concentration approximately 10 times lower than the others. pH varied only a little during experiments and remained approximately 1.50 (± 0.15). In contrast, redox potential quickly decreased to less than 700 mV vs. SHE when biomass concentration was higher than 109 cells·mL−1 in the liquid phase (Figure 3B). The Eh decrease was much slower when biomass concentration was lower (experiment A). In this experiment, fresh inoculum was added after 14 days (by the addition of a pellet resulting from the centrifugation of 1.5 L of pulp from microbial growth on sulfur) to reach approximately 3 × 109 cells·mL−1 as in experiments B and C. A linear decrease of the redox potential was observed.
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FIGURE 3
 Biomass concentration in the liquid phase (A) and redox potential (B) during Fe(III) bioreduction experiments at 35°C. Conditions A and B: inoculations were done with 200 mL and 1,500 mL, respectively, corresponding to an initial biomass concentration in the 2 L-STR of 3 × 108 and 2 × 109 cells·mL−1, respectively. C: inoculation was performed with a pellet obtained after centrifugation of 1,500 mL of pulp, corresponding to an initial biomass concentration in the 2 L-STR of 2 × 109 cell·mL−1.


Despite the enrichment with 1% CO2 of the injected N2 gas, no increase of the biomass in the liquid phase was noticed during B and C experiments. The concentration even decreased at the end of the experiment. In experiment A, an increase was noticed in the liquid phase during the 4 first days, but it then decreased back to the initial concentration, meaning that microbial growth did not occur or new biomass was attached to the solid.

The inoculum at 35°C used in this experiment was composed of At. caldus and Sb. thermosulfidooxidans species. The microbial community structure, determined by diversity fingerprints, had the same changes in the three experiments (data not shown). There was a switch from a bacterial community essentially composed of At. caldus after microbial growth on sulfur, to a community at the end of the experiments in which Sulfobacillus was largely dominant (91% in B and 95% in C) over At. caldus or even the only detected bacterium (in A).

Fe(II) concentrations increased quickly after Fe(III) addition and then stabilized after 12 days (Figure 4). In the experiment with lower biomass concentration in the liquid phase, the production of Fe(II) was slower than in the other experiments, but the addition of cells after 14 days marginally increased the Fe(III) reduction rate. The total Fe concentrations decreased in most experiments. This may be caused by precipitation. Acidophilic bioleaching systems are often subject to precipitation due to high SO42− and Fe(III) concentrations, even though the pH stays lower than 2.0 (Mahmoud et al., 2017). However, the reasons that explain the difference of precipitation rates in the experiments are unclear.

[image: Figure 4]

FIGURE 4
 Total Fe and Fe(II) concentrations (A) and %Fe as Fe(II) (B) over time in bioreduction experiments with different initial biomass concentrations. Conditions A and B: inoculations were done with 200 mL and 1,500 mL, respectively, corresponding to an initial biomass concentration in the 2 L-STR of 3 × 108 and 2 × 109 cells·mL−1, respectively. C: inoculation was performed with a pellet obtained after centrifugation of 1,500 mL of pulp, corresponding to an initial biomass concentration in the 2 L-STR of 2 × 109 cells·mL−1.


Table 2 gives the mean and maximal rates that were measured during bioreduction experiments. Similar bioreduction rates were observed with another consortium cultivated at 46°C (see Supplementary material). A maximal bioreduction rate of 11.4 mg·L−1·h−1 and a mean value of 8.4 mg·L−1·h−1 were observed with this consortium, composed of Sb. acidophilus and traces of At. caldus, in the presence of 4 × 108 cells·mL−1. However, it is not possible to directly compare both bioreactors, or to conclude on the improvement of bioreduction efficiency of one consortium compared to the other, because some differences occurred in the operating conditions (in particular, CO2 enrichment). Moreover, community composition monitoring revealed that At. caldus was a dominant bacterium at the end of the bioreduction phase at 46°C. This result is unexpected and cannot currently be explained.



TABLE 2 Maximal and mean bioreduction rates (in mg·L−1·h−1) obtained in bioreduction experiments.
[image: Table2]



3.2 Continuous mode experiments

Operating processes in continuous mode rather than in batch mode generally makes it possible to improve reaction kinetics (Morin and d’Hugues, 2007). Furthermore, it has just been demonstrated that the aerobic growth phase on sulfur influences the Fe(II) bioreduction phase. The operation in continuous mode can facilitate the study of the influence of the change of operating conditions during the growth on bioreduction. A mini-pilot was therefore set up, and the influence of the composition of the growth medium on the bioreduction kinetics was determined at 35°C.


3.2.1 Physico-chemical parameters

In the continuous mode, the influence of the biomass concentration was evaluated by modifying the growth medium composition of the inlet solution. During the first stage, ABS-TE was used with 100 μM of Fe(II). During the second stage, 0Km medium was used with 1.5 g·L−1 of Fe(II) added as ferrous iron sulfate. The main results are given in Table 3.



TABLE 3 Results obtained during the pilot operation of bioreduction.
[image: Table3]

During the first stage (ABS-TE medium), redox potential slowly increased up to 680 mV vs. SHE in R2 due to the starting of the bioreactor from a low value (less than 650 mV vs. SHE). During the second stage (0Km medium), the redox potential decreased and stabilized approximately 650 mV vs. SHE. The total Fe concentration was stable, while Fe(III) concentration decreased to less than 1 g·L−1 during the second stage. The bioreduction rate in R2 was estimated to be approximately 9 mg·L−1·h−1 at the end of the first stage and increased up to 19.5 mg·L−1·h−1 during the second one. These values are higher than the values obtained in batch experiments.



3.2.2 Microbial population dynamics

The biomass concentration in the liquid phase reached approximately 2 × 109 cells·mL−1 in the sulfur oxidation R1 reactor during the first stage. During the second stage, the biomass concentration increased up to approximately 5 × 109 cells·mL−1. The increase of nutrient concentrations sustained a larger biomass concentration in the liquid phase in R1. The same result was obtained in the bioreduction R2 reactor, in which the biomass increased from 2 × 109 cells·mL−1 to 4 × 109 cells·mL−1 in the second stage with more nutrients.

The main bacteria detected on tRFLP fingerprints in the reactor R1 for microbial growth were Sulfobacillus species (corresponding either to Sb. thermosulfidooxidans or thermotolerans as both were retrieved by sequencing—see below) and At. caldus (Figure 5). Their relative abundance varied depending on the different stage. At the beginning of the first stage, they were quite equally distributed, with a third strain corresponding to an unidentified bacterium that could come from cross-inoculation since the continuous pilot was not operated in sterile conditions (32% At. caldus, 31% Sulfobacillus, and 37% unknown strain). Sulfobacillus proportion increased during stage 1 up to 50% and was even more dominant (81%) at the beginning of the second stage (9 days after the end of stage 1, i.e., more than 3 HRT). Then, at the end of the second stage, At. caldus was found as the main bacterium (65%). In the bioreduction reactor R2, the bacterial community was essentially composed of Sulfobacillus (more than 70%) and even exclusively at the beginning of the second stage. This is consistent with the batch experiments.

[image: Figure 5]

FIGURE 5
 Diversity fingerprints in R1 and R2 reactors at the beginning and at the end of stages 1 and 2 in the continuous pilot operation.


To confirm and define more precisely the identity of the bacteria thriving in the continuous pilot, the taxonomic composition of the microbial community was determined by 16S rRNA gene metabarcoding on four samples selected from R1 (start of the stages 1 and 2) and R2 (end of the stages 1 and 2). The results confirmed the presence of the genera Sulfobacillus and Acidithiobacillus (Figure 6). Their occurrence within the whole community showed the same proportion tendency as the one revealed by tRFLP fingerprinting. They were both abundant (respectively, 26.4 and 35.8%) in R1 at the beginning of stage 1 on ABS medium, while Sulfobacillus dominated (71.3%) at the beginning of stage 2 on 0Km medium. Sulfobacillus was also dominant in R2 at the end of stage 1 (58.5%), and its proportion increased further at the end of stage 2 (78.0%).

[image: Figure 6]

FIGURE 6
 Taxonomic composition of the microbial communities in selected samples from R1 and R2 reactors of the continuous pilot operation.


In addition, metabarcoding allowed for a more detailed description of the community composition. At first, it revealed the occurrence of two OTUs affiliated to the genus Sulfobacillus: OTU-1 found only at the beginning of stage 1 in R1 and OTU-2 occurring at the start of stage 2 in R1 and at the end of stages 1 and 2 in R2. Species identification should be taken with precaution when considering a taxonomy based on partial 16S rRNA gene sequences (ca. 400 bp for the V3–V4 region). However, the comparison of OTU seed sequence with sequences of reference Sulfobacillus species clustered OTU-1 with Sb. thermosulfidooxidans and OTU-2 with Sb. thermotolerans. The Acidithiobacillus OTU seed sequence clustered with At. caldus-related sequences.

Other acidophilic genera were identified. In R1 for microbial growth, Alicyclobacillus was the third most abundant genus at both sampling times (15 and 12%). The theoretical HaeIII tRF expected for Alicyclobacillus, determined by in vitro digestion of Alicyclobacillus 16S rRNA gene fragment used for tRFLP, matched with the unidentified signal UN149 retrieved on the tRFLP fingerprints. An OTU of the Ferroplasmaceae family was found in a proportion close to that of Alicyclobacillus but only at the start of stage 1 on ABS medium. It clustered with the genus Ferroplasma based on seed sequence comparison. In the bioreduction R2 reactor, the second more abundant bacterium after Sulfobacillus was the Ferroplasmaceae OTU (24.2%) at the end of stage 1. However, at the end of the second stage, the latter was in low proportion (1.3%), while Sulfobacillus was largely dominant (78.0%). Alicyclobacillus occurred only in low proportions in R2. In addition to these two well-known acidophilic genera, two others were identified, Phyllobacterium and Ralstonia. They most probably resulted from a contamination as they are soil and plant-associated bacteria unable to thrive in such extreme acidic conditions.

Among the acidophilic microorganisms, the members of the genera Sulfobacillus, Ferroplasma, and Alicyclobacillus have the ability to reduce Fe(III) and grow with Fe(III) reduction in anaerobic conditions (Malik and Hedrich, 2022), while the species At. caldus is not, contrary to other Acidithiobacillus species. During bioreduction at 35°C, Sulfobacillus was systematically the dominant genus found in batch and continuous modes. In the latter on ABS and 0Km media, 16S rRNA gene taxonomic analyses identified it more precisely as Sb. thermotolerans, which may have been cross-inoculated as the continuous reactor was not operated in sterile conditions. The genus Ferroplasma was also identified, however, only on ABS medium and in lower proportion. Sulfobacillus thus appeared as the main genus responsible for the bioreduction in our experiments.



3.2.3 Nutrient consumptions

Nutrient concentrations (Table 4) were measured in each reactor to determine their consumption, which may come from the microbial growth and activity. In R2, it may also arise from the precipitation (as jarosite for example).



TABLE 4 Nutrient concentrations (in mg·L−1) in the STR during the stages of operation of the cascade pilot.
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K+ consumption could not be evaluated in R1 because large quantities of K2CO3 were added to maintain the pH, thus interfering with the nutrient consumption evaluation. However, K+ was consumed in R2 despite the fact that microbial growth was not detected. This consumption may arise from jarosite precipitation (which cannot be confirmed with SO42− concentrations due to the addition of Fe(III) sulfate) or from microbial consumption during bioreduction. The consumption of dissolved K+ reached 0.187 and 8.65 mmol·h−1 in R2 during stage 1 and 2, respectively. By comparison, a previous study from Hubau et al. (2023) reported a K+ microbial consumption of 0.083 mmol·h−1 during the acidophilic bioleaching of a polysulfidic mining residue in 0Km medium.

Mg2+ was slightly consumed in R1 during microbial growth (difference between inlet and outlet flow concentrations approximately 7 mg·L−1, i.e., 0.008 mmol·h−1). In R2, Mg2+ concentration increased, and this is still unexplained.

NH4+ consumption in R1 varied greatly from one stage of operation to another. The consumption (i.e., difference between inlet and outlet flow concentrations) reaches 68 mg·L−1 during stage 1 (0.104 mmol·h−1) and 181 mg·L−1 during stage 2 (0.319 mmol·h−1). The previous study from Hubau et al. (2023) reported a NH4+ consumption of the same order of magnitude (0.117 mmol·h−1) during the acidophilic bioleaching of a polysulfidic mining residue in 0Km medium.

Some authors propose the following reaction (Eq. 4) for cell synthesis with ammonium as a nitrogen source (Hatzikioseyian and Tsezos, 2006):

[image: image]

Carbon dioxide uptake rate has been estimated to be close to 40 mg·L−1·h−1 by several authors in the case of the bioleaching of sulfidic minerals with acidophilic microorganisms (D’Hugues et al., 1997; Guezennec et al., 2018). Using this value and the stoichiometric ratio between C and N (5:1), the ammonium consumption linked to biomass growth and activity was estimated to be close to 0.455 mmol·h−1, which is very consistent with the values measured in R1.

NH4+ consumption in R2 was inexistent during the first stage and reached 290 mg·L−1 during the second stage (0.922 mmol·h−1). As the microbial growth was not detected in this reactor, it may arise from microbial activity of bioreduction or jarosite and ammoniojarosite precipitation. Similarly, PO43− was not consumed in R2 in the first stage.

To conclude, all the nutrients were not entirely consumed in the pilot, as if there were in excess whatever the growth medium composition. However, in the 0Km medium (stage 2), consumptions were higher than in the ABS-TE medium (stage 1), showing that larger nutrient concentrations favored their consumption (both from microbial growth and activity and from precipitation phenomena). The increase of the nutrient concentrations in the growth medium enabled to increase the microbial growth in the first step, which was clearly correlated with a higher Fe(III) bioreduction rate in the second step. The maximal value that was obtained was 19.5 mg·L−1·h−1. As shown in Figure 7, Fe(III) bioreduction rate is about to be proportional to the biomass concentration in the liquid phase. The correlation is given in Eq. 5, with vFe(III) bioreduction the bioreduction rate in mg·L−1·h−1 and Xliq the concentration of biomass in the liquid phase in cells·mL−1:
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FIGURE 7
 Fe(III) bioreduction rate as a function of the biomass concentration in the liquid phase (data from batch and continuous mode experiments).






4 Discussion

Table 5 gathers the results of the different experiments. It showed that the presence of microorganisms highly increased the reduction rate compared to the abiotic experiment (0.13 mg·L−1·h−1). A mean bioreduction rate of 1.7 mg·L−1·h−1 was obtained in batch mode with 108 cells·mL−1 in the liquid phase.



TABLE 5 Summary table of biomass concentration in the liquid phase (in cells·mL−1), maximal and mean bioreduction rates (in mg·L−1·h−1), and population dynamics in bioreduction experiments at 35°C in batch and continuous mode.
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Bioreduction experiments highlighted an increase of the bioreduction rate with an increase of the initial biomass concentration in the liquid phase (up to 9.8 mg·L−1·h−1 of mean rate and 12.2 mg·L−1·h−1 of maximal rate when biomass concentration was approximately 109 cells·mL−1 in the liquid phase, compared to 1.7 mg·L−1·h−1 in the presence of 108 cells·mL−1). Similar results were observed in continuous mode. The increase of inorganic nutrient concentrations in 0Km medium enabled to detect a higher biomass concentration in the liquid phase than the ABS-TE medium, resulting in a higher Fe(III) bioreduction rate. A value of 20 mg·L−1·h−1 was observed in continuous mode and 0Km medium. The higher consumptions in 0Km medium compared to the ABS-TE medium showed that larger nutrient concentrations favored their consumption (both from microbial growth and activity and from precipitation phenomena). The availability of the nutrients may not be the only parameter that is at stake. In bioleaching systems, dissolved oxygen is known to be a key factor to obtain high performances. It was demonstrated that below a certain value of dissolved oxygen (approximately 2 mg/L), even though dissolved oxygen was available, the bioleaching kinetics were negatively affected (Morin and d'Hugues, 2007). A similar phenomenon may appear for the nutrients. This phenomenon may be due to mass transfer limitations or complexation.

The bioreduction kinetics obtained at 35°C in our study are in the same order of magnitude than the ones of Kucera et al. (2012) (26.1 mg·L−1·h−1), Pronk et al. (1992) (25.6 mg·L−1·h−1), and Breuker and Schippers (2024) (19.9 mg·L−1·h−1) but was measured in the presence of Sb. thermotolerans as the main species found after the bioreduction. This species previously demonstrated its ability to reduce Fe(III) (Malik and Hedrich, 2022), but there were, to our knowledge, no data on the kinetics obtained. It should be noticed that no microbial growth was observed in the liquid phase in all experiments at 35°C under anaerobic conditions, despite the fact that Sulfobacillus species were reported to grow under anaerobic conditions.

A linear correlation was observed between biomass concentration in the liquid phase and bioreduction rates, whether in batch or continuous mode. Even if a consequent proportion of microorganisms may be attached to sulfur particles, the determination of biomass concentration in the liquid phase by cell count is still a reliable indicator of the biomass available for Fe(III) bioreduction, both in batch and continuous mode. This result could also be improved by considering the biomass attached to sulfur particles, in particular in the case of higher sulfur content than in our study (1% or 2.4% (w/w)) which should increase the proportion of attached bacteria. This may be achieved by collecting solid particles and detaching bacteria before cell counts. The microbial DNA could also be extracted from planktonic bacteria and from the ones attached to the solids after their separation from the liquid phase, and gene abundance of total bacteria, determined by quantitative PCR, used as a marker of cell abundance. When optimized, these approaches have given comparable results to evaluate biomass of bacteria in batch bioleaching reactors (Hedrich et al., 2016).

At. caldus was detected in large quantities after sulfur oxidation. Since it is not known to reduce Fe(III), its presence might have provided organic carbons in the bioreduction reactor. Both Sulfobacillus and Ferroplasma genera detected in this study scavenge carbon from the excretion of chemolithotrophs or dead cell remains. This might also be the case for Alicyclobacillus which was found after sulfur oxidation but was a minor strain during bioreduction despite its ability to develop and reduce Fe(III). Like some other primary producers, At. caldus produces glyconic acid as an exudate, an organic compound that can be metabolized by Sulfobacillus species, including Sb. thermosulfidooxidans, as a specific metabolic trait that would give Sulfobacilli a competitive advantage in bioleaching by relation to other mixotrophs (Ñancucheo and Johnson, 2010; Justice et al., 2014).

Complementary molecular methods based on the widely used 16S rRNA gene marker have been applied to monitor community diversity dynamics in this study. They gave comparable results and evidenced Sulfobacillus strains as the iron reducers in bioreduction conditions. tRFLP fingerprinting has the advantage of being fast and easy to implement for a daily monitoring and is still acknowledged as powerful for profiling microbial community dynamics in relation to varying conditions in processes (De Vrieze et al., 2018). This is particularly true in bioleaching, because on the one hand such a selective environment leads to reduced microbial diversity and on the other hand the diversity of bioleaching strains is well documented. However, since only terminal restriction fragments are considered, a disadvantage is that two distinct sequences carried by different strains and sharing a terminal restriction site will not be distinguished. This happened here for both Sulfobacillus species present in the reactors and which have the same tRF. Metabarcoding of the 16S rRNA gene provided a more detailed description of the community composition and notably highlighted the presence of two species from the genus Sulfobacillus. This approach is more difficult to implement on a daily base but gives the needed knowledge on community diversity and the taxa to follow. By crossing the results, metabarcoding can be used to further improve tRFLP, e.g., by applying multiple restriction enzymes to better distinguish two species of a same genus, so that the main identified taxa can be detected and their evolution monitored. The two methods are complementary, and community monitoring in bioleaching will be improved if they are more generally combined.



5 Conclusion

Reductive bioleaching is one of the metallurgical options that are currently studied to extract Co from limonite. To design the bioprocess, Fe(III) bioreduction rates were determined in this study in the presence of different microbial consortia at different temperatures. In STR run in batch mode with a consortium cultivated at 35°C, a maximal bioreduction rate of 12.2 mg·L−1·h−1 and a mean value of 9.8 mg·L−1·h−1 were obtained. It was demonstrated that Fe(III) bioreduction rate was proportional to the biomass concentration in the liquid phase. Almost no evolution of the biomass in the liquid phase was noticed during bioreduction experiments. In continuous mode, the bioreduction rate was higher than the one measured in batch mode. It was estimated approximately 9 mg·L−1·h−1 with ABS-TE growth medium and increased up to 19.5 mg·L−1·h−1 with 0Km medium (richer medium). Even if nutrients were in excess in both growth media, the increase of nutrient concentrations sustained a larger biomass concentration in the liquid phase after sulfur oxidation. The microbial community structure switched from a bacterial community essentially composed of At. caldus after microbial growth on sulfur, to a community in which Sulfobacillus was largely dominant at the end of the bioreduction.
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Recent studies have expanded the genomic contours of the Acidithiobacillia, highlighting important lacunae in our comprehension of the phylogenetic space occupied by certain lineages of the class. One such lineage is ‘Igneacidithiobacillus’, a novel genus-level taxon, represented by ‘Igneacidithiobacillus copahuensis’ VAN18-1T as its type species, along with two other uncultivated metagenome-assembled genomes (MAGs) originating from geothermally active sites across the Pacific Ring of Fire. In this study, we investigate the genetic and genomic diversity, and the distribution patterns of several uncharacterized Acidithiobacillia class strains and sequence clones, which are ascribed to the same 16S rRNA gene sequence clade. By digging deeper into this data and contributing to novel MAGs emerging from environmental studies in tectonically active locations, the description of this novel genus has been consolidated. Using state-of-the-art genomic taxonomy methods, we added to already recognized taxa, an additional four novel Candidate (Ca.) species, including ‘Ca. Igneacidithiobacillus chanchocoensis’ (mCHCt20-1TS), ‘Igneacidithiobacillus siniensis’ (S30A2T), ‘Ca. Igneacidithiobacillus taupoensis’ (TVZ-G3 TS), and ‘Ca. Igneacidithiobacillus waiarikiensis’ (TVZ-G4 TS). Analysis of published data on the isolation, enrichment, cultivation, and preliminary microbiological characterization of several of these unassigned or misassigned strains, along with the type species of the genus, plus the recoverable environmental data from metagenomic studies, allowed us to identify habitat preferences of these taxa. Commonalities and lineage-specific adaptations of the seven species of the genus were derived from pangenome analysis and comparative genomic metabolic reconstruction. The findings emerging from this study lay the groundwork for further research on the ecology, evolution, and biotechnological potential of the novel genus ‘Igneacidithiobacillus’.
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Introduction

Acidithiobacillia class bacteria (Williams and Kelly, 2013) catalyze the dissimilatory oxidation of sulfur at diverse pH and temperature optima in sulfide mineral settings, being key players in the biogeochemical cycling of sulfur, iron, and other metals in mildly to highly acidic aquatic environments. Phenotypic and genotypic variability of its members are well acknowledged and have motivated several instances of revision of the taxonomy of the group (Johnson and Quatrini, 2020). Currently, the class comprises ten validated species (Boden and Hutt, 2019) and eight recently acknowledged novel species (Moya-Beltrán et al., 2021), in addition to several subspecies-level lineages (Nuñez et al., 2017; Moya-Beltrán et al., 2023). These studies have significantly expanded the genomic contours of the class and highlighted important lacunae in our comprehension of the phylogenetic space occupied by acidithiobacilli-like bacteria.

One clade requiring further study is the 16S rRNA Clade 1, which was pinpointed in a class-wise phylogenetic study of the 16S rRNA gene oligotypes (Nuñez et al., 2017). This clade encompasses two sister branches: branch 1A groups all sequenced representatives of ´Fervidacidithiobacillus caldus´ (formerly Acidithiobacillus caldus) and branch 1B/1C groups several uncharacterized strains and sequence clones originating from tectonically active thermal sites in the island of Vulcano in Italy (Norris et al., 2020), the Copahue Volcano in Argentina/Chile (Moya-Beltrán et al., 2021), and also sulfidic caves and ores in America and Asia (Ni et al., 2008; Jones et al., 2016). Culturable isolates of the clade have been recovered recently for the Caviahue-Copahue Volcanic Complex, and genomic sequences of six isolates obtained (Moya-Beltrán et al., 2021). Metagenome assembled genomes (MAGs), related to the above sequenced representatives, could be traced from different datasets, also originating from geothermally active sites in Yellowstone, Wyoming (Zhou et al., 2020a), Shi-Huang-Ping, Taiwan (Lin et al., 2015), and the Taupo Volcanic Zone in New Zealand (Sriaporn et al., 2021). Genomic indexes and phylogenomic analyses of this branch support the existence of a novel genus-level taxon, provisionally named ‘Igneacidithiobacillus’ for the characteristics of the origin source of the representative strains first described and assigned to the species ‘Igneacidithiobacillus copahuensis’ (Norris et al., 2020; Moya-Beltrán et al., 2021).

Here, we further expand the contours of this novel genus by identifying novel species ‘Igneacidithiobacillus siniensis’ (cultured) and Candidate species ‘Ca. Igneacidithiobacillus chanchocoensis’, ‘Ca.’ Igneacidithiobacillus yellowstonensis, ‘Ca.’ Igneacidithiobacillus taiwanensis, ‘Ca. Igneacidithiobacillus taupoensis’, and ‘Ca. Igneacidithiobacillus waiarikiensis’ and prospective sites for the isolation of culturable representatives, which is informed by the physicochemical characteristics of their preferred habitats. We also elucidate key morphophysiological and metabolic attributes of un/cultured members of the genus through comprehensive pangenome analyses and metabolic reconstructions. Insights emerging from this study underscore the applied potential of this genus in biomining and environmental biotechnologies.



Materials and methods


Gene and genome sequences

To discover potentially novel Acidithiobacillia class Clade 1 B/C bacteria, we downloaded the 16S small subunit ribosomal RNA gene sequences from GenBank (as of April 2023), showing sequence identity of >97% to the reference gene sequence recovered from the ‘Igneacidithiobacillus copahuensis’ VAN18-1 strain (locus: HFQ13_RS04740). Recovered 16S rRNA gene sequences were oligotyped, according to Nuñez et al. (2017). Accession numbers and annotations for the dataset retained for further analysis are presented in Supplementary Table S1. Public genomes of Clade 1 B/C strains (VAN18-1: JAAXYO01; VAN18-2: JAAXYU01; VAN18-4: JAAXYS01; CV18-2: JAAXYP01; CV18-3: JAAXYQ01; BN09-2: JAAXYR01; YTS05: CP094359.1, CP094360.1; S30A2; JALQCS01) and reference strains used as outgroups and controls (`Fervidacidithiobacillus caldus’ ATCC 51756T: CP005986-CP005989; `Ambacidithiobacillus sulfuriphilus´ DSM 105150T: RIZI01 and Thermithiobacillus tepidarius DSM 3134T: AUIS010) were obtained from NCBI1 on April 2023.



Metagenome-assembled genome recovery, assembly, and refining

We recovered the MAGs assigned by Moya-Beltrán et al. (Moya-Beltrán et al., 2021) to ‘Ca. Igneacidithiobacillus yellowstonensis’ (Spst-908: formerly DTMS01, now SRR7540054) and ‘Ca. Igneacidithiobacillus taiwanensis’ (UBA2486: DDOU01), as well as three novel MAGs of interest identified as ‘Igneacidithiobacillus’ representatives in hot spring metagenomes of the Taupo Volcanic Zone (BioProject: PRJNA644733) with the following NCBI whole genome sequence identifiers: TVZ_G2, JAEPKW01; TVZ_G3, JAEPKX01 and TVZ_G4, JAEPKY01.

MAG sequence mCHCt20-1 (JAWNZB01), included in this study, was recovered from environmental sequencing data generated for a slurry sample collected in 2020 from a hot pool at ChanchoCó (BioBio region, Chile) designated CHCt (−37.818611 S, −71.163611 W; 1,798 m.a.s.l.; 38.9–56°C; pH 5.8–7.0). Sample manipulation for DNA sequencing and sequence data pre-processing and assembly were performed as detailed in the study by Degli Esposti et al. (2023). Contigs larger than 1,000 bp were grouped into genome bins by MaxBin2 v2.2.7 (Wu et al., 2016), Metabat2 v2 (Kang et al., 2019), and CONCOCT v1.1.0 (Alneberg et al., 2014) using the default parameters. Conserved marker genes were evaluated using CheckM v1.1.3 (Parks et al., 2015), CheckM2 v0.1.2 (Chklovski et al., 2023), and QUAST toolkit (Mikheenko et al., 2018). MAG assembly statistics were used to classify MAGs according to accepted quality standards (Bowers et al., 2018). Small-subunit rRNA sequences in contigs were identified using Barrnap (Seeman, 2017).



Genomic taxonomy analyses

To evaluate the taxonomic assignment of strains and MAGs within the assembled set, genomic indexes based on amino acid and nucleotide sequences data were derived from the available genomic information. The average amino acid identity (AAI) was calculated using the CompareM program2 and the aai.rb implementation from the Kostas Lab (Rodriguez-R and Konstantinidis, 2016; https://github.com/lmrodriguezr/enveomics; commit signature: fae592f) and run using the default parameters. Genus- and species-level AAI% cutoff thresholds used were < 62–70% and > 95.38, respectively (Richter and Rosselló-Móra, 2009). The average nucleotide identity based on Blast (ANIb) or Mummer (ANIm) as alignment algorithm, were calculated for all possible genome-MAGs pairs using a Python module implemented by Pritchard et al. (2016), which was available at https://github.com/widdowquinn/pyani. The in silico DNA–DNA hybridization index (dDDH) was assessed using the Genome-to-Genome Distance Calculator, and the cutoff values defined by Meier-Kolthoff et al. (2013, 2014), available at http://ggdc.dsmz.de.



Gene calling, annotation, and clustering

Gene calling and annotation were performed using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP, Tatusova et al., 2016; Haft et al., 2018). Low-quality MAGs (DDOU01 and DTMS01) were annotated through the Rapid Annotation Subsystem Technology pipeline (RAST, Aziz et al., 2008). Functional assignments were validated against the Conserved Domain Database v.3.16 (CDD, Marchler-Bauer et al., 2017) using CDsearch (Marchler-Bauer and Bryant, 2004) and hhsearch (Fidler et al., 2016) with default parameters. All predicted proteins were also analyzed against the profiles stored in the KEGG and COG databases (updated on July 2023) using the SqueezeMeta pipeline (Tamames and Puente-Sánchez, 2019). Annotated proteins were clustered by identity (threshold of 50% and default parameters) using Usearch v1.2.22 (Edgar, 2010). Protein alignments were constructed using the MAFFT v7.123 program (Katoh and Standley, 2013). Selected clusters and proteins were re-annotated and curated manually.



Comparative genomics methods

Gene orthology was calculated by the GET_HOMOLOGUES software package v3.3.2 (Contreras-Moreira and Vinuesa, 2013) using COGtriangles v2.1 as clustering algorithm (Kristensen et al., 2010), to recover Protein Families (PFs). BLAST pairwise alignment cutoffs were set at 75% coverage and, E-values were set at 10E-5. Gene copy numbers per PF and genome/MAG were scored by in-house Perl/Phyton scripts using E-value cutoff of 10E-5 and identity cutoff of 60%, to discriminate orthologs from paralogs. The results were curated based on genomic context analysis and manually revised alignments, when appropriate. Pan-genome metrics, including the size of core, flexible, and exclusive gene complements, were calculated by Tettelin et al. (2005). Phyletic patterns were constructed by scoring the presence/absence of representatives of each PF in each genome/MAG using parse_pangenome_matrix.pl. and other in-house scripts. Data analysis and visualization were conducted using the R package tidyverse v1.3.0.



Phylogenetic analysis of 16S rRNA, Fis and core proteins

Small subunit ribosomal RNA gene sequences and different sets of protein families of ecophysiological/evolutionary interest (Fis; conserved core proteins) were aligned using MAFFT v7.310 software with the L-INS-I method (Katoh and Standley, 2013). The 16S rRNA gene alignments were trimmed and masked (>50%) using trimAl v1.2 (Capella-Gutiérrez et al., 2009) and checked manually. Protein alignments were generated individually for each protein family with MAFFT settings maxiterate 1,000 and localpair, and the resulting alignments were trimmed using trimAl v1.2 with gap threshold of 0.5 and further refined manually. Phylogenetic trees were generated by neighbor-joining (NJ), maximum likelihood (ML), and Bayesian inference (BI) analysis to produce alternative phylogenies (Moya-Beltrán et al., 2021). The 16S rRNA gene NJ algorithm was implemented in quicktree (Howe et al., 2002), with the following settings upgma and kimura, and bootstrap values were calculated over 10,000 iterations. The ML tree was constructed using PhyML v3.0 (Guindon et al., 2010), with the following settings: General Time Reversible model (GTR, Tamura and Nei, 1993) was used as substitution model, PhyML estimated the transition/transversion ratio, the proportion of invariant nucleotides, and a discrete gamma approximation with k = 4 and 10,000 bootstrap replicates. The topology of the tree and the length of the branches were optimized by PhyML using Nearest Neighbor Interchange and Subtree Pruning and Regrafting. The Bayesian analysis tree was built with MrBayes v3.2.7 (Huelsenbeck and Ronquist, 2001) and run for 3,000,000 generations, saving trees every 100 generations. Posterior probabilities were calculated after discarding the first 30% of trees. Maximum likelihood Fis and core protein trees were reconstructed by PhyML v3.0 using Le Gascuel (LG) and Whelan and Goldman (WAG) amino acid substitution models, respectively, and tree topology optimization was performed using SMS v1.8.4 with 10,000 bootstrap replicates. Bayesian phylogenetic analysis was conducted on the core and Fis protein sets using MrBayes v3.2.7. Alignments were trimmed and manually curated before phylogenetic inference. BI trees were constructed using the Whelan and Goldman (WAG) and Jones-Taylor-Thornton (JTT) amino acid substitution models. The settings used were as follows: pRSET was used to select the amino acid substitution model, with a posteriori probability deviation equal to or near zero and lset for gamma-distributed rate variation. Each analysis was executed with MCMC to set the number of generations to 10,000, with a sample frequency of 100 generations.



Statistical analysis of the metadata

Pandas (Reback et al., 2020) and Scikit-learn (Pedregosa et al., 2011) python libraries were employed for metadata-based clustering of all strains studied (see first section of Results). K-means was performed using cluster purity as the error function chosen to select the best number of clusters, altering only the number of clusters. A Random Forest algorithm was trained to predict the most common lineages. Metadata features were ranked by their ability to separate lineages. K-means was used with the top scoring features and the same purity selection protocol. In addition, the chi-square test was also tried to select top-ranked strain attributes. Both selection criteria were applied to those features available for all strains and, in a second run, to all features annotated for at least 100 strains. Visual inspection of the clustering, before and after selecting features, was performed with Seaborn clustermaps (Waskom, 2021).



Data visualization and manipulation

Summary statistics and figures were computed using the R packages: gdata v2.18.0, dplyr v1.0.2, plotly v4.9.0, ggplot2 v3.2.1, scales v1.0, RColorBrewer v1.1.2, readr v1.2.1, and Rbase v3.6.1 implemented in Rstudio v1.2.50001 (RStudio Team, 2020). Gene cluster comparisons were obtained with clinker & clustermap (Gilchrist and Chooi, 2021). Improvement in vectorial figures was made using Inkscape v1.3.2.3 FigTree v1.4.4 was used for tree visualization and manipulation.4




Results and discussion


Acidithiobacillia clade 1B/1C strains and clones harbor sequence variability

To assess variability of the Clade 1B/C phylotypes in the sampled and sequenced space, a comprehensive phylogenetic tree was constructed with a set of 82 16S rRNA gene sequences recovered from GenBank (April, 2023; Supplementary Table S1). The genes analyzed include orthologs of the small ribosomal subunit 16S rRNA recovered from genomes and MAGs, which are tentatively assigned to ‘Igneacidithiobacillus’, when available. The neighbor-joining (NJ) phylogenetic tree built with this dataset is shown in Figure 1A. The alignment encompassed 1,272 bp of the full 16S rRNA gene sequence, with 223 variable sites and 82 parsimony informative sites (see also Supplementary Figure S1). The NJ tree obtained and rooted with the 16S rRNA gene of Thermithiobacillus tepidarius DSM 3134T, showed a clear separation of all Clade 1 sequenced representatives from three distinctive subclades, one of which groups exclusively ‘Fervidacidithiobacillus caldus’ strains (clade 1A, represented by ATCC 51756T). The other two sister subclades share a more recent common ancestor, each encompassing approximately half of the sequences involved in the analysis. Clade 1B includes strains originating in sulfidic caves from Mexico and sulfide ores from Colombia and China (Supplementary Table S2); in turn, Clade 1C includes strains from geothermal sites across the world (e.g., VAN18-1 from the Copahue Volcano, Argentina-Chile and V1 from Vulcano, Italy). In addition, sister subclades with diverse node depth became apparent in both branches of the tree, pertaining to ‘Igneacidithiobacillus’ (Table 1). Among these 16S rRNA sequences, 62% pertained to sequence clones from uncultured representatives of the class, 13.3% of which came from sites lacking verifiable metadata. Approximately 38% corresponded to isolates, of which only 8 strains (17.4% of cultured) had drafts or fully sequenced genomes (Supplementary Table S1). Inadvertently, some unclassified or misclassified strains of this group have been acknowledged for the biotechnological potential in applications ranging from the removal of sulfur-containing malodorous gases to chalcopyrite bioleaching (Lee et al., 2006; Kumar et al., 2008; Feng et al., 2012; Zhu et al., 2014; Li et al., 2018).
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FIGURE 1
 ‘Igneacidithiobacillus’ consensus phylogenetic trees built using single marker genes. (A) Neighbor-joining (NJ) phylogenetic tree of 16S rRNA gene sequences assigned to ‘Igneacidithiobacillus’ based on an alignment encompassing 1,272 bp of the full 16S rRNA gene sequence, with 223 variable sites and 82 parsimony informative sites (see also Supplementary Figure S1A). (B) Bayesian inference (BI) phylogenetic tree of the Fis protein sequences assigned to ‘Igneacidithiobacillus’ based on an alignment encompassing 99 aa, with 55 variable sites and 43 parsimony informative sites (see also Supplementary Figure S1B). Both trees were rooted with the ortholog of Thermithiobacillus tepidarius DSM 3134T. The 16S rRNA tree included orthologs of ‘Fervidacidithiobacillus caldus’ representative strains (clade 1A) to further resolve the branching pattern.




TABLE 1 Lineages of ‘Igneacidithiobacillus’ inferred from single gene markers phylogenetic analysis.
[image: Table1]

Given that certain MAGs assigned to ‘Igneacidithiobacillus’ (Moya-Beltrán et al., 2021) or inferred to pertain to the genus (TVZ_G2-G4; Sriaporn et al., 2021) lack the 16S rRNA gene marker in their current assemblies, we analyzed the tree for the fis gene product, which has recently been proven to be phylogenetically informative for the Acidithiobacillia class (Beard et al., 2023). The Fis ML tree produced with proteins recovered from the protein repository, sequenced genomes, MAGs tentatively assigned to ‘Igneacidithiobacillus’ (Supplementary Table S3), and similarly rooted (T. tepidarius DSM 3431T), allowed us to further resolve the branching pattern (Figure 1B). In this case, Clade 1B and 1C strains appeared in sister clades encompassing an unclassified species (1B, represented by strain S30A2) and proposed ‘Igneacidithiobacillus copahuensis’ representatives (1C-I, 7 strains) and ‘Ca. Igneacidithiobacillus yellowstonensis’ single MAG (1C-II, SpSt-908). ‘Ca. Igneacidithiobacillus taiwanensis’ single MAG (UBA2468) was branched apart from the clade 1B/C together with the TVZ_G2 MAG from Tikitere in New Zealand, reported by Sriaporn et al. (2021) (novel clade 1E-I), and a MAG from ChanchoCó in Chile, mCHCt20-1 (novel clade 1E-II), contributed in this study. One additional clade, more ancestral in origin, accommodates the TVZ_G3 (novel clade 1F-I) and the TVZ_G4 (novel clade 1F-II) MAGs from Tikitere in New Zealand.

Collectively, these results indicate that additional taxa pertaining or related to ‘Igneacidithiobacillus’ exist in the currently sampled dataset, further supporting the recognition of this taxonomic unit as a genus of the Acidithiobacillia class. If the novel Fis clades (1E-I, 1E-II, 1F-I, and 1F-II) represent species of the genus ‘Igneacidithiobacillus’, or additional genus-level rank taxa, remains untested.



Genomic indexes convey Fis clades as novel species of ‘Igneacidithiobacillus’

To evaluate if novel clades 1E-I, 1E-II, 1F-I, and 1F-II, uncovered through single marker phylogenetic analysis, represented species of the genus or different taxonomic rank units, we performed pairwise genomic comparisons between all genomes and MAGs, and derived the average amino acid identity (AAI) and the average nucleotide identity (ANIb) indexes (Figure 2; Supplementary Table S4). All of the AAI values obtained from the pairwise comparisons exceeded the recognized thresholds for genus-level differentiation (<65–72%, Konstantinidis and Tiedje, 2007), except for control taxa ‘F. caldus’ (average of all igneacidithiobacilli vs. ‘F. caldus’ = 69.2%) and T. tepidarius (average of all igneacidithiobacilli vs. T. tepidarius = 59.1%), which were lower than these threshold values (Figure 2A). These results imply that all genomes and MAGs of novel Fis-tree clades 1E-I, 1E-II, 1F-I, and 1F-II pertain to the ‘Igneacidithiobacillus’ genus along with representatives of clades 1B and 1C. In turn, the ANI data (Figure 2B) revealed seven genomic clusters below the 95.9% species threshold, all of which also emerged from the dDDH analysis using the 70% threshold (Supplementary Table S4). Therefore, genomic relatedness indexes support the existence of four novel genomic species within the ‘Igneacidithiobacillus’ genus (Supplementary Table S5), which add to the three currently acknowledged species, namely, ‘Igneacidithiobacillus copahuensis’ (typified by strain VAN18-1T), ‘Ca. Igneacidithiobacillus yellowstonensis’ (typified by MAG SpSt-908TS as sequence type material), and ‘Ca. Igneacidithiobacillus taiwanensis’ single MAG (typified by MAG UBA2468TS). Proposed names for these novel species-level rank taxa are: species ‘Igneacidithiobacillus siniensis’ (typified by strain S30A2T), ‘Ca. Igneacidithiobacillus chanchocoensis’ (typified by MAG mCHCt20-1TS), ‘Ca. Igneacidithiobacillus taupoensis’ (typified by MAG TVZ-G3TS), and ‘Ca. Igneacidithiobacillus waiarikiensis’ (typified by MAG TVZ-G4TS). The multiprotein phylogenetic trees shown in Figure 2C; Supplementary Figure S2, which are constructed with a concatenate of 87 universally conserved ribosomal proteins and other phylogenetically informative housekeeping class-core marker genes, and fully supports the differentiation of type strains and type sequence material from the named sulfur-oxidizing species of the Acidithiobacillia class and acknowledged species of the genus ‘Igneacidithiobacillus’ (Supplementary Table S6).
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FIGURE 2
 Relatedness of ‘Igneacidithiobacillus’ novel Candidate lineages inferred from whole-genome relatedness indexes based on amino acid and nucleotide sequence identity pairwise comparisons and phylogenomic analysis. (A) Amino acid identity values (Supplementary Table S3A) calculated with CompareM (AAICM; https://github.com/dparks1134/CompareM). (B) Average nucleotide identity (ANIb) values (Supplementary Table S3B) calculated with the BLAST alignment algorithm. Acknowledged cutoff values for genus (% AAI > 70%, Richter and Rosselló-Móra, 2009) and species (% ANI >96%, Richter and Rosselló-Móra, 2009; Pritchard et al., 2016). (C) Bayesian inference (BI) tree obtained with MrBayes v3.2.7 (Huelsenbeck and Ronquist, 2001) using 87 conserved single-copy proteins common to Acidithiobacillia class genomes (Moya-Beltrán et al., 2021). The multiprotein phylogenetic tree was constructed with a concatenate of 8 universally conserved ribosomal proteins and 79 other phylogenetically informative housekeeping class-core marker genes encompassing 20,789 aa with 11,231 variable sites and 6,739 parsimony informative sites.


Basic genomic features of the acknowledged species representatives are shown in Table 2. Data conveyed from strains and MAGs (average estimated completeness 87.9%) show general consistency in terms of size (average 2.4 Mb) and G + C content (average 58.1%), with most species representatives of the genus having fairly small genomes compared with the class average (3.1 Mb, Moya-Beltrán et al., 2021). I. copahuensis and I siniensis, both species with cultured representatives (average completeness 98.1%), have genome sizes reaching 2.8 Mb, which are comparable to those of its closest genus ‘Fervidacidithiobacillus’ (average size ‘F. caldus’ 2.86 Mb, Valdes et al., 2009; You et al., 2011; Moya-Beltrán et al., 2021). Larger differences and G + C content were observed for MAGs, TVZ-G3, and TVZ-G4.



TABLE 2 Overview of the basic genomic characteristics of the acknowledged ‘Igneacidithiobacillus’ spp.
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Geographical distribution and ecological niche preferences of ‘Igneacidithiobacillus’ lineages

To infer the ecological niches occupied by the recognized Candidate species, we evaluated the global occurrence and distribution of members of the ‘Igneacidithiobacillus’ genus. Environmental and geographical data; associated with each strain, 16S rRNA sequence clone, and/or metagenome-derived genome included in the study, was recovered from the published literature and public databases and used in statistical analysis (Supplementary Table S2). Over 95% of all igneacidithiobacilli strains and sequence clones sampled were mapped to sites along the Ring of Fire in Asiatic countries (China, Taiwan, Korea, and Japan), New Zealand, Chile, Argentina, Colombia, Mexico, and the United States (Figure 3A; Supplementary Table S2), in acknowledged tectonically or geothermally active areas (Renaut and Jones, 2011). Additional origins for ‘Igneacidithiobacillus’ spp. could be traced to volcanic sites away from the Ring of Fire such as the Vulcano island in Italy and geothermal areas in central Africa or to sulfide-rich and sulfate-rich waters and soils inland in a number of locations in China, India, and Hawaii. No obvious trend in the geographic distribution of the strains/clones assigned to the different Candidate species or phylotypes could be derived from the observed distribution map (Figure 3A) other than the more ubiquitous and cosmopolite occurrence of clade 1B and 1C-I representatives with respect to those of clades 1E and 1F (and probably attributable to sampling biases).
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FIGURE 3
 Occurrence of the ‘Igneacidithiobacillus’ strains, clones, and MAGs in hydrothermal econiches around the globe. (A) Location and relative abundance of each representative according to latitude and longitude coordinates (Supplementary Table S2). (B) Ternary plot of the relative concentrations of major anions describing terrestrial hydrothermal systems water chemistry. Concentrations of SO₄2−, HCO₃−, and Cl− were obtained from the published literature (Hose et al., 2000; Giaveno and María, 2010; Agusto, 2011; Agusto et al., 2012; Rosales Lagarde et al., 2014; Lin et al., 2015; Gaviria Reyes et al., 2016; Muñoz Lopez, 2017; D'Auria et al., 2018; Willis et al., 2019; Zhou et al., 2020b; Sriaporn et al., 2021; Sriaporn, 2022; Barbosa et al., 2023) and this study.


In the analyzed dataset, approximately half of the representative sequences originated from natural environments, such as karst caves, volcanic rivers, sinters, and geothermal pools. The other half of the ‘Igneacidithiobacillus’ spp. representatives came from anthropogenic environments (such as mines—heaps, tailings, acid mine drainages, and bioreactors—tanneries, wastewater treatment plants, and sewages) or heavily impacted environments (such as contaminated/polluted water courses or soils). The type of sample from which isolates and clones were recovered included water, sludge, sediment, soil, and snottite. All of these are recognized oligotrophic environments, which are rich in either sulfur, sulfide, or their oxidations products (Parker et al., 2008; Varekamp et al., 2009), and most are also polluted with heavy metals.


Clade 1B representatives (I. sinensis)

The vast majority of clade 1B members (n = 50, originating from a single study; Jones et al., 2016) originate from sulfidic caves Cueva Luna Azufre and Cueva Villa Luz (Tabasco, Mexico) in Los Azufres geothermal field, a hydrothermal spring system in the Mexican Volcanic Axis/Belt (Ferrari et al., 2011). Sequence clones from this set are highly conserved, with less than 0.6% nucleotide sequence variation at the 16S rRNA level. All 50 clones were derived from extremely acidic snottite biofilm samples (pH 0–1.5) dripping from mineral carbonate (limestone) deposits, which were exposed to a hydrogen sulfide-rich atmosphere at cave temperatures ranging from 28 to 30°C (Jones et al., 2016, 2023). One grown representative (AM2) pertaining to clade 1C-I was also recovered from mud samples in this system, having slightly higher temperature (37°C) and pH (pH 1.0–3.0) values (Brito et al., 2014). This implies that different ‘Igneacidithiobacillus’ species coexist in the same ecosystem, and however, they partition differentially between habitats (snottites versus sediments). Other clade 1B members (n = 23) have been recovered or traced to several mining operations, sharing in common high levels of heavy metal pollution and extremely low pH (Figure 3B; Supplementary Table S2). Although metadata for most of these additional clade 1B representatives are scarce, additional hints on the preferred ecological niche of this group may be derived from a few examples. Clade 1B-uncultured representative K13 originated from total DNA recovered from biopulp samples from a bioleaching reactor that had been inoculated with a mixed bacterial population with a traceable history (Foucher et al., 2003). The inoculum originated from a 10-year-old microbial consortium established from mine waters and sampled by the Bureau de Recherches Géologiques et Minières at a mining site from a gold-bearing arsenopyrite flotation concentrate fed with Kasese cobaltiferous pyrite from Uganda in Africa and stored at 35°C and pH between 1.3 and 1.5. The pH was regulated by adding limestone slurry of 500 g L−1 calcium carbonate in the pulp. The presence of limestone in the environment of clade 1B strains seems to be a key factor for their growth, establishment, or prevalence (Figure 3B; Supplementary Table S2), serving either as carbon dioxide source upon limestone dissolution in acid liquors (Esparza et al., 2019; Maltseva et al., 2023) or as a pH buffer (e.g., Sasowsky et al., 1995). Although cultured representatives of the 1B clade (DBS-4, YP-5, 175Fe35, FY-2, TST3, ZJJN-1, ZJJN-2, and ZJJN-3) have not been tested for the effect of calcium carbonate on their growth and/or oxidation performance, they have all been reported to grow in a medium composed of organics (0.01% yeast extract or peptone; Ni et al., 2008; Feng et al., 2012; Li et al., 2018).



Clade 1C representatives (I. copahuensis and ‘Ca. I. yellowstonensis’)

Clade 1C strains and clones pertaining to subclades 1C-I (a/b sister clades in the 16S rRNA tree) and 1C-II (Figure 1A) come from both natural and anthropogenic environments (Figure 3A; Supplementary Table S2). Subclade 1C-II representatives can be traced to Yellowstone National Park in North America (MAG SpSt908, Zhou et al., 2020a; ‘Ca. I. yellowstonensis’, Moya-Beltrán et al., 2021) and the Caviahue-Copahue Volcanic Complex in South America (sequence clone G5, Urbieta et al., 2014). Two cultured representatives clustered in this subclade, ORCS6 and SMK, were recovered from acid sulfate soil samples in Japan (Satoh et al., 2006) and sludge originating in a wastewater treatment plant in Korea (Hassan et al., 2010), respectively. The SpSt908 MAG originates from the metagenome derived from a mud/slurry sample at 66°C and pH 5.0 (OP-RAMG-02, SRA Experiment ID SRX3196666), which was taken from the peripheral area of the Obsidian pool (OP), a persistent thermal spring in the Mud Volcano at Yellowstone National Park (Hamilton-Brehm et al., 2010). In turn, the G5 clone was found in a water pool at Las Maquinas (LMa), a hydrothermal feature from the Caviahue-Copahue Volcanic Complex in Argentina (Urbieta et al., 2014). Both features are shallow thermal pools with mesophilic to thermophilic temperatures (OP: 42–90°C; LMa: 36–93°C) and low to neutral pH (OP: 5.7–6.7; LMa: 2.3–6.7) and contain black sandy material covering the bottom of the pool (Shock et al., 2005; Gaviria Reyes et al., 2016). Both Mud Volcano and Las Maquinas areas are categorized as vapor-dominated with water of distinct sulfated characteristic generated by the condensation of ascending vapor from the geothermal reservoirs (e.g., sulfide or sulfur dioxide) in the groundwater (Kennedy et al., 1985; Fournier, 1989; Varekamp et al., 2009; Agusto, 2011; Gaviria Reyes et al., 2016). As they surface, sulfide is oxidized resulting in acidic fluids of elevated sulfate concentrations that drive chemical weathering of the rock beds, leading to elevated concentrations in solution.

Subclade 1C-Ib entails strains from a gold-bearing mine site (El Zancudo gold mine, Titiribi, Antioquia, Colombia). El Zancudo gold mine abandoned drainage, resulting from sulfide mineral weathering (pyrite, arsenopyrite, and galena), has near neutral pH 6.5–7.4 due to the buffering capacity of several carbonate minerals (dolomite, aragonite) present at the site (Barragán et al., 2020). Interestingly, all these strains (IBUN_Pt1247) were isolated from enrichments with arsenate and showed high resistance to the metalloid. In turn, subclade 1C-Ia grouped a more diverse set of strains and sequence clones, originating from acidic pools and rivers sourced by volcanic fluids and/or gases, heavily polluted water courses (such as those associated with mine drainages or tanneries), or soils. Sampling sites had in common low pH, moderate to high temperature, and high osmotic strength, which was conveyed either by sulfate ions or chloride salts, and high to extremely-high concentrations of different sorts of heavy metals (Figure 3B; Table 1; Supplementary Table S2).



Clade 1E-1F representatives (‘Ca. I. taiwanensis’, ‘Ca. I. chanchocoensis’, ‘Ca. I. taupoensis’, and ‘Ca. I. waiarikiensis’)

Subclade 1E representatives remain uncultured and were typified based on metagenomic sequence bins, which were recovered from geothermal pools or their outflows. Two of them group together in subclade 1E-I; UBA2486, a MAG recovered from the Shi-Huang-Ping thermal manifestation at the Tatun Volcanic Group in Taiwan (Lin et al., 2015) and TVZ_G2, a MAG recovered from the Tikitere springs at the Taupo Volcanic Zone (TVZ) in New Zealand (Sriaporn et al., 2021). A third MAG (mCHCt20-1) of this clade (subclade 1E-II) was recovered from a thermal feature in the Caviahue-Copahue Volcanic Complex, specifically from ChanchoCó located on the Chilean side of the volcano. The samples from which the three MAGs were derived share mildly acidic pH values (~ pH 3) and moderate to high temperatures (> 40°C).

Subclade 1F is also defined by two MAGs deriving from sulfur-rich hot springs at Tikitere in the TVZ area (Sriaporn et al., 2021). The MAG TVZ_G3 (subclade 1F-I) was obtained from metagenomes recovered from protrusive stromatolitic siliceous deposits (digitate sinter) at the air–water interface in the hot spring margins and outflow channels at a location designated as TIK2 (Sriaporn et al., 2020). In turn, MAG TVZ_G4 (subclade 1F-II) was obtained from subaqueous sediments (a few mm below the water surface) from the same hot spring. This is the same site from which ‘Ca. I. taiwanensis’-related MAG TVZ_G2 was obtained, implying that different ‘Igneacidithiobacillus’ spp. coexist in the same hot spring, albeit partitioning differentially between subaerial and subaqueous microhabitats (Figure 3B; Table 1; Supplementary Table S2). Both are influenced by the chemistry of the geothermal waters of the Cooking Pool hot spring, which are classified as acid-sulfate-bicarbonate (ASB) waters (Sriaporn et al., 2020), and its characteristics are attributed to underground gases, reacting with local rocks. At sampling, the TIK2 hot spring had a water temperature ranging between 39.7 and 48.5°C and a pH of 5.9 (Sriaporn et al., 2020).

This data suggest the igneacidithiobacilli have a wider pH range and endure lower pH and higher temperatures than other Acidithiobacillia class members. In addition, they partition differentially between aerial, interfacial, and solids in their preferred habitats, according to gradients in oxygen and other gases serving as electron donors or acceptors, and have in common increased resistance to high ionic strength liquors and toxic metals.




Pangenome analysis reveals minimal core functions of the igneacidithiobacilli

To obtain a comprehensive view of the distinctive phenotypic properties of the group, we next compared the available genomes and MAGs of ‘Igneacidithiobacillus’ spp. (n = 14, Table 2) and reconstructed relevant aspects of their metabolism. To this end, proteins were grouped by orthology into protein families, and their occurrence and conservation were evaluated against the class-wide pangenome. The igneacidithiobacilli (encompassing 14 genomes of 7 species) harbored 5,415 distinct PFs, which was significantly lower than the pangenome size of the monospecific genus ‘Fervidacidithiobacillus’ comprising 7,127 PFs across 18 genomes (Moya-Beltrán et al., 2021). While the reduced number of PFs could be attributed to the inclusion of several MAGs potentially lacking some genes, genomic completeness deduced from the occurrence of 258 universal protein markers (as implemented in CheckM, Parks et al., 2015) averaged 98.15% for genomes and varied from 66.92 to 95.37% for MAGs, with five of the seven MAGs meeting the established high-quality threshold (> 90% completeness, Bowers et al., 2018). In addition, the core/pangenome ratio of these two genera was comparable (‘Igneacidithiobacillus’: 16.5%; ‘Fervidacidithiobacillus’: 17.2%; Moya-Beltrán et al., 2021), implying that the accessory gene complement of the igneacidithiobacilli is currently under-sampled.

A total of 896 PFs were shared (core) among representatives of the seven ‘Igneacidithiobacillus’ lineages (Figure 4A). This core represents 31.6% of the predicted proteome of `I. copahuensis´ VAN18-1 type strain (2,838 CDSs; 2,749 PFs), being slightly higher than the percentage of core proteins carried by other Acidithiobacillia (e.g., 21.4% in Acidithiobacillus spp.; Moya-Beltrán et al., 2021). The number of shared genes rose in correlation with increasing genetic relatedness among the species, amounting to 1,043 for clade 1B-1E, 1,245 for clade 1B-1C members, and 1,615 for `I. copahuensis´ strains (clade 1C-I), the species of the genus with the largest number of cultured and sequenced representatives (Figure 4A). These numbers reflect relevant gene gains and losses that occurred during the differentiation of these lineages. Core genes partitioned into 21 COG categories and 25 KEGG paths and included most housekeeping genes required for basal metabolism of Acidithiobacillia class members (Moya-Beltrán et al., 2021), encompassing essential information processing genes, chemolithoautotrophic energy metabolism, and cell envelope biogenesis and maintenance genes (Figure 4B; Supplementary Table S7).
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FIGURE 4
 Occurrence and abundance of protein families encoding traits common to all ‘Igneacidithiobacillus’ spp. (A) Upset plot of the distribution of PFs shared between igneacidithiobacilli clades and species derived from pangenome analysis (core PFs). Clades are those derived from the core proteins phylogenetic tree shown in Figure 2C. (B) Number of genus-level core PFs associated with general COG functional categories per lineage ordered from most frequent to less frequent categories in the set. (C) Phyletic patterns of relevant energy metabolism genes (and associated gene clusters). Color coding is as labeled in the figure panel.


Sulfur metabolism enzyme-encoding genes required for the utilization of hydrogen sulfide (sqr), elemental sulfur (sdo, sor), and thiosulfate (sox) as electron donors, as well as those encoding key respiratory chain elements (cydA-CIO, cyoB, nuo-complex, and atp-complex), were present and conserved with respect to known acidithiobacilli (Figure 4C), strongly suggesting that the igneacidithiobacilli are also obligate chemolithotrophs. Some of these genes or complexes varied in copy number, with enrichment of functions in particular lineages (e.g., 4–5 copies of sdo in ‘I. copahuensis’) and depletion of functions in others (e.g., 1 copy of the nuo complex in ‘Ca. I. taupoensis’ and ‘Ca. I. waiarikiensis’).

As other Acidithiobacillia class members, ‘Igneacidithiobacillus’ seem to be incapable of dissimilatory sulfate reduction, lacking key functional markers for this process (dsrABC, Thauer et al., 2007). They also lack the sreABCD genes that enable anaerobic growth on sulfur coupled to ferric iron reduction in iron/sulfur-oxidizing Acidithiobacillus spp. (e.g., Osorio et al., 2013). Yet the MAGs of lineages ‘Ca. I. chanchocoensis’ and ‘Ca. I. waiarikiensis’, encode a thiosulfate/polysulfide reductase (phs/psr) known to catalyze the stepwise reduction of elemental sulfur and the zero-valent sulfur of thiosulfate or polysulfides to sulfide in the absence of oxygen (Heinzinger et al., 1995; Jormakka et al., 2008).

Certain igneacidithiobacilli (‘Ca. I. yellowstonensis’, ‘I. siniensis’, ‘Ca. I. taupoensis’, and ‘Ca. I. waiarikiensis’) seem also unable to derive energy from tetrathionate, lacking the genes encoding not only the tetrathionate hydrolase (tetH) but also the membrane-bound tetrathionate forming thiosulfate:quinone oxidoreductase (doxDA). Lineages missing these PFs are the ones originating from the highest temperature habitats, where tetrathionate would be particularly unstable in the presence of strong reductants such as sulfide (Xu et al., 1998), and which is highly abundant in most of these habitats. Genes for the assimilation of sulfur into the cysteine biosynthetic pathway identified in the ‘Igneacidithiobacilllus’ spp. included those involved in the acquisition of sulfur from sulfate (sat, cysJ, cysE, and cysM) as other Acidithiobacillia class species (Valdés et al., 2003), and from sulfonates (ssuD); so far, the capacity has been overlooked in this group of acidophiles (Supplementary Table S7). Lack of the APS kinase (cysC) and the sulfite reductase (cysJI) suggests that thiosulfate—instead of sulfate—may be used as sulfide donor in the synthesis of cysteine by CysM (Zhao et al., 2006).

Several core PFs (n = 29) occurred in gene dosages are higher than 2, including relevant functions for carbohydrate transport and metabolism (n = 8) involved in glycolysis (pdhB, pdhC, pgi, and gpmI), pyruvate metabolism (ackA), pentose phosphate metabolism (zwf), carbon fixation through the Calvin-Benson-Bassham reductive pentose phosphate cycle (rbcL), glycogen utilization (glgP, cga), and energy metabolism (cydAB), among others (Supplementary Table S7, core PFs). Several of these genes provide the igneacidithiobacilli with the capacity to fix carbon dioxide autotrophically.

Exclusive gene complements (present in all genomes/MAGs) of each lineage were predominantly hypothetical functions and variants of PFs, existing in other lineages, providing little insight into the adaptive features, and differentiating these species. Lineage-specific PFs with predicted functional assignments included genes involved in: (a) defense against foreign DNA which were particularly overrepresented in ‘Ca. I. yellowstonensis’, ‘I. siniensis’, and ‘Ca. I. chanchocoensis’, (b) osmotolerance preservation which potentiated different physiological strategies in each species, (c) cell envelope integrity and modification which entailed a wide diversity of species-specific glycosyltransferases, and (d) both uptake and efflux transporters of different sorts in each lineage.



Recorded and inferred morphophysiological traits distinguish candidate species

To ascertain the physiological characteristics of the novel ‘Igneacidithiobacillus’ spp., we analyzed common and differential genome-derived traits in the light of emerging trends in the published metadata for the reassigned strains and clones (Supplementary Figure S3). Preferential temperature, pH, and water chemistry of the selected representatives of the igneacidithiobacilli lineages derived from available reports in the literature (and/or generated herein) on the source habitat, isolation conditions, or growth experiments are shown in Table 3. Clade 1C representatives (‘I. copahuensis’, ‘Ca. I. yellowstonensis’) have been categorized as thermotolerant (Satoh et al., 2006; Hassan et al., 2010; Li et al., 2018; Moya-Beltrán et al., 2021), while clade 1B representatives (‘I. siniensis’) have been reported to endure extremely low pHs (Ni et al., 2008; Feng et al., 2012; Jones et al., 2016; Liang et al., 2019). In turn, clade 1E lineages originate from mildly acidic habitats with higher temperature maxima (Lin et al., 2015), and clade 1F representatives originate from mildly thermal environments of higher pH (Sriaporn et al., 2020, 2021). The habitats of origin differ also in their reported water chemistry, having relevant differences in the contents of chloride salts, carbonates, and metals. We thus assessed the distribution of genes encoding products that could confer the igneacidithiobacilli lineages with differential growth capacities based on these habitat and growth characteristics.



TABLE 3 Physicochemical conditions and characteristics of samples/sites of origin of ‘Igneacidithiobacillus’ spp.
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Thermal and low pH adaptation traits and genes

Known features that confer adaptation to both high temperature and low pH include the synthesis of more saturated and longer chain fatty acids (e.g., straight-chain saturated fatty acids, Hazel and Williams, 1990; Mykytczuk et al., 2010) and triterpenoids (hopanoids, Driessen et al., 1996), which increase membrane rigidity and stability, enhanced mechanisms for DNA repair to counteract the increased DNA damage caused by stress (Feng et al., 2019), and increased protein stability and turnover (Li et al., 2005). All ‘Igneacidithiobacillus’ spp. analyzed encode genes for the biosynthesis of saturated fatty acids (accABCD, fabDHGZIF) while lacking the genes (fabAB-fadR) required for the synthesis of unsaturated fatty acids (Supplementary Table S7), which disrupt the order of the phospholipid bilayer (Zhang and Rock, 2008). These results suggest that membranes of the igneacidithiobacilli are enriched in efficiently packed saturated fatty acids with low permeability properties. In addition, ‘Igneacidithiobacillus’ spp. genomes/MAGs were found to encode genes for the biosynthesis of hopanoids (hpnABFGHIJKLMN) (Supplementary Table S7), as all acidophilic members of the Acidithiobacillia class do (González-Rosales et al., 2022), which have been shown to decrease membrane fluidity in bacteria under pH stress (Sáenz et al., 2015).

All ‘Igneacidithiobacillus’ spp. encode a vast repertoire of DNA repair involved in base excision repair (BER, n = 10), nucleotide excision repair (NER, n = 5), mismatch repair (MMR, n = 15), and recombinational repair (RR, n = 17) (Supplementary Table S7). Most of these are enzymes conserved universally across bacteria and Acidithiobacillia class members (Cárdenas et al., 2012), while other DNA repair enzyme-encoding genes are present in high gene doses, in particular species of ‘Igneacidithiobacillus’ (e.g., the DNA MMR protein MutS/S2 with a minimum of 4 copies/genome in ‘Ca. I. taiwanensis’ and a maximum of 7 copies/genome in I. copahuensis), or are clearly differential, e.g., the nucleotide pool-sanitizing enzyme MutT (Ito et al., 2005) is absent in ‘I. copahuensis’. Other examples of these differentially distributed capacities are shown in Supplementary Table S7.

In addition, most of the genes that make up the proteostasis network in acidophiles, including highly redundant genes in Acidithiobacillia spp. that encode for the periplasmic chaperone HtrA and the proteolytic ATPase Lon (Izquierdo-Fiallo et al., 2023), are found in the igneacidithiobacilli genomes/MAGs analyzed herein. Enrichment in thiol–disulfide interchange protein DsbG responsible for the formation and rearrangement of disulfide bonds during the folding of secreted and membrane proteins in bacteria and for protecting free cysteines in proteins from sulfenylation (Kadokura and Beckwith, 2010) was found in ‘I. copahuensis’ and ‘I. siniensis’ with 7–10 copies/genome of dsbG compared with other spp. (2–4 copies/genome). In addition to this, all ‘Igneacidithiobacillus’ spp. encode an extensive repertoire of chaperones, proteases, and peptidases, which are predicted to contribute to protein stabilization and turnover in this taxon (Supplementary Table S7).

Comparison of Acidithiobacillia class core proteins provides additional insights into the adaptation of ‘Igneacidithiobacillus’ lineages to thermal environments (Supplementary Figure S4), with species occupying the highest temperature habitats having increased proline content (which enhances thermal stability) and decreased glycine and alanine content (which enhances protein flexibility), as well as decreased abundance of amino acids that form hydrogen bonds (such as threonine) or that are prone to deamidation at high temperatures and low pH, such as asparagine and cysteine (Hait et al., 2020; Ahmed et al., 2022).

Most genes known to occur on the Acidithiobacillia class representatives and other acidophiles that are deemed necessary for acid tolerance (Baker-Austin and Dopson, 2007; González-Rosales et al., 2022), namely in charge of restricting proton entry by lowering membrane permeability (see above), reversing the membrane potential of the cytoplasmic membrane taking up positively charged potassium ions, purging of protons using diverse sorts of H+ efflux and antiport mechanisms, and consuming protons via decarboxylation and oxidative phosphorylation reactions, were found to occur in igneacidithiobacilli lineages albeit with some qualitative and quantitative differences (Supplementary Table S7). Variations in gene dose for these PFs always favored 1B/C clade representatives, which may explain the observed differences in the occupancy of habitat or microhabitats.



High osmolarity adaptation traits and genes

Strains in clade 1C have been shown to grow and oxidize elemental sulfur or tetrathionate in the presence of NaCl (e.g., strain V1, Norris et al., 2020). Strain V1, isolated from Vulcano, Italy, showed salt tolerance with an upper limit of 0.85 M NaCl, and after preadaptation to NaCl, it could withstand 1.5 M of this salt. It also endured high osmotic pressure, resulting from similar molarities of sodium ions from sulfate salts. Published studies report other 1C clade strains as sulfate-tolerant bacteria (AZ11, Lee et al., 2003; Tt, Kumar et al., 2008), e.g., AZ11, showing sulfur-oxidizing activity in the presence of 80 g/L sulfate accumulated in the growth medium (Lee et al., 2003). High sulfate concentrations have been traced to several of the sites of origin of 1C clade strains (Supplementary Table S2).

Genome-based metabolic reconstruction analysis revealed the presence and conservation of the canonical mechanisms described in other acidophiles to cope with the osmotic stress (Rivera-Araya et al., 2019). All members of the genus encode K+ transporters to meet the cellular demand for potassium and keep the cellular turgor in response to osmotic upshift (Supplementary Table S7), including the low-affinity TrkA potassium uptake protein (n = 2) and the high-affinity potassium uptake system YggTS (n = 1), while ‘I. copahuensis’, ‘I. siniensis’, and ‘Ca. I. taupoensis’ also encode the high-affinity potassium multi-subunit uptake transporter complex KdpABCDE (n = 1) (Figure 5). Evidence for the presence of mechanisms to let out the K+ surplus was also found in each genome/MAG, including the MscK/KefA potassium efflux system (n = 2–3) and several mechanosensitive channels (MscL n = 1, MscS/YggB n = 1–4) which are predicted to help maintain the intracellular K+ concentrations regulated and fine-tune cell turgor in these taxa, as has been shown to occur in other bacteria (Kung et al., 2010). In addition, several bacterial chloride channel (CLC) homologs that were predicted to mediate the exchange (antiporting) of chloride ions and protons through the membrane in response to concentration gradients of either chloride ions or protons (Matulef and Maduke, 2007) were identified in the ‘Igneacidithiobacillus’ genomes/MAGs, except for ‘Ca. I. taupoensis’ and ‘Ca. I. waiarikiensis’ (Figure 5; Supplementary Table S7). These variations in gene dosage could have a functional significance in osmotolerance of the different lineages of the genus.
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FIGURE 5
 Transporters found in the exclusive gene complement of the different ‘Igneacidithiobacillus’ spp. Data depicted in the figure represents a selection from the full length list of transporters shown in Supplementary Table S7. Created with BioRender.


All ‘Igneacidithiobacillus’ lineages were predicted to be able to produce and/or uptake osmoprotectans. Among the amino acids (1)commonly used as osmoprotectants, these lineages can synthetize glutamate (glutamate synthase GOGAT, gltBD; ATP-dependent glutamine synthetase GS, glnA) which acts major counterion to counterbalance the high levels of potassium accumulated during osmotic stress in different bacteria (e.g., Goude et al., 2004), and (2) its decarboxylation product gamma-aminobutyric acid [glutamate decarboxylase (EC:4.1.1.15), gadB, gadA, GAD], (3) proline from glutamate and ATP [Glutamate 5-kinase (EC 2.7.2.11) ProB, Gamma-glutamyl phosphate reductase (EC 1.2.1.41) ProA, Pyrroline-5-carboxylate reductase (EC 1.5.1.2) ProC] and (4) glycine from carbon dioxide and ammonia through the Glycine Cleavage System working in reverse (GcvHPBPATR), or through the glycine hydroxymethyltransferase pathway [(EC:2.1.2.1) K00600, GlyA].

No genes for the biosynthesis of hydroxy/ectoine, glycine-betaine, sarcosine, or taurine could be found in the genomes analyzed; yet, genes encoding the proline uptake transport system ProXWV were found in ‘Ca. I. waiarikiensis’, suggesting that proline and alternative compatible solutes for which this transporter has affinity (glycine betaine, proline-betaine, carnitine, and ectoine) may be taken up from environmental sources and reduce the energy spent on salt and/or drought adaptation (Imhoff et al., 2020). All igneacidithiobacilli encode the genes required for the biosynthesis of both putrescine and spermidine, including arginine decarboxylase (speA), agmatine deaminase (aguA), and N-carbamoylputrescine amidohydrolase (aguB). These enzymes decarboxylate arginine to agmatine and, subsequently, convert it into putrescine. The genes encoding the enzymes that catalyze the conversion of putrescine to spermidine were also identified in the genomes/MAGs analyzed, including speE and speD (Supplementary Table S7). These genes encode the spermidine synthase SpeE and the SAM decarboxylase SpeD (Shah and Swiatlo, 2008).

In addition, the ability to synthesize glycerol (from phosphatidylglycerol, cardiolipin synthase A/B [EC:2.7.8.-], K06131, ClsA_B and from D-glycerate, alcohol dehydrogenase (NADP+) [EC:1.1.1.2], YahK) and break it down (to dihydroxyacetone phosphate, phosphoenolpyruvate: dihydroxyacetone phosphotransferase [EC:2.7.1.121] K05878/9, DhaKL) was found in all ‘Igneacidithiobacillus’ analyzed (Supplementary Table S7). However, no evidence for the capacity to use trehalose, sorbitol, or mannitol as osmoprotectants could be inferred from the genomes/MAGs. Of all known compatible solutes, glycerol is the simplest and cheapest to produce, being generally found in organisms that grow at the highest salt concentrations (Oren, 1999), suggesting that all members of the genus are equally suited to mount this response.



Traits and genes required for the adaptation to organic compounds and metals

Growth of some clade 1B strains has been shown to be mildly promoted in sulfur medium supplemented with 0.01% yeast extract and/or peptone, rather than in their absence (Ni et al., 2008; Feng et al., 2012), suggesting that these strains are favored by an organic source of nitrogen or are limited by certain amino acids and/or vitamins or that their environment may have a shortage of nitrogen. Consistently, all the ‘Igneacidithiobacillus’ genomes/MAGs analyzed encoded 1–2 copies of the polar amino acids (serine, threonine, asparagine, glutamine) uptake protein (K02030), and several of them also harbor within their species-exclusive gene repertoires several genes encoding amino acid transporters (n = 13), such as the general aromatic amino acid permease AroP found in the clade 1B sequenced representative, the serine permease YjeM in ‘Ca. I taupoensis’, or less specific di/oligopeptide ABC transporters (Figure 5; Supplementary Table S7). Comparative metabolic reconstruction of the ‘Igneacidithiobacillus’ genomes/MAGs showed that they all lack the genes encoding the enzyme D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95), which catalyzes the first committed and rate-limiting step in the phosphoserine pathway of serine biosynthesis; asparagine synthetase [glutamine-hydrolyzing] (EC 6.3.5.4), histidinol-phosphatase (EC 3.1.3.15), and phosphoribosyl-AMP cyclohydrolase (EC 3.5.4.19) required for histidine biosynthesis, suggesting that the members of the genus may all be serine, asparagine, and histidine auxotrophs (Supplementary Table S7).

In common, both 1C (e.g., strains Tt and SMK, clone Fe812) and 1B clade members (e.g., strains 175FE35 and NJU-AMD3, clones X2, S24) have been reported to have high tolerance to heavy metals, being isolated from waters and sediments, rich in metals and metalloids, and/or from heavily polluted soils (Kumar et al., 2008; Zhu et al., 2014). In several cases, strains of these clades have been enriched or selected upon stress caused by heavy metals or incremental exposure to heavy metals and metalloids, such as arsenic (e.g., Barragán et al., 2021), cadmium (e.g., clone Fe812, Tan et al., 2016), and chromium (e.g., Zeng et al., 2016), among others (Kumar et al., 2008; Zhu et al., 2014). All ‘Igneacidithiobacillus’ genomes/MAGs are endowed with genes encoding the thioredoxin-dependent arsenate reductase [(EC:1.20.4.4), arsRBC-arsH], and many of them also with the mercuric reductase [(EC:1.16.1.1), merA]. At least one cation diffusion facilitator (CDF) for Co/Zn/Cd similar to ZitB (Grass et al., 2001; Wang et al., 2012) and CzcD (Alquethamy et al., 2020) that mediates zinc export in Gram-negative bacteria via an antiport mechanism (Guffanti et al., 2002) and one P-type copper exporting ATPase similar to CopA (Rensing et al., 2000), were found in all igneacidithiobacilli genomes analyzed. Several resistance-nodulation-cell division (RND) superfamily efflux transporters of undefined specificity, yet similar to known systems used in the extrusion of heavy metals such as Co/Zn/Cd via the CzcCBA family (Blencowe and Morby, 2003) or Cu/Ag via the CusCFBA family (Conroy et al., 2010), were also identified in the different lineages, being two-fold more abundant in the clade B members (‘I. copahuensis’, ‘Ca. I. yellowstonensis’, ‘I. siniensis’) than in the other species representatives analyzed (Figure 5; Supplementary Table S7). An additional transporter, predicted to have specificity for chromate based on its similarity to the plasmid-encoded chromate transporter ChrA proteins from Alcaligenes eutrophus [ChrA(Aeu)] (Nies et al., 1990) and Pseudomonas aeruginosa [ChrA(Pae)] (Cervantes et al., 1990), was also found in ‘I. siniensis’, suggesting that this strain may be uniquely chromate-resistant.



Observed and predicted morphological traits

Morphologically, strains of this clade resemble other species of the Acidithiobacillia class, being short rods endowed with flagella (Feng et al., 2012) or motile (Li et al., 2018). A tuft of flagella has been described based on transmission electron microscopy (TEM) imaging in ZJJN strains (1B) (Feng et al., 2012); yet, images are not very clear. ‘I. copahuensis’ strains, represented by VAN18-1, are highly motile when grown in acidified mineral salt medium (pH 2.5) at 40°C, containing trace elements (Dopson and Lindstrom, 1999) and 5 mM tetrathionate as energy sources (Supplementary Multimedia File S1). Genome-based analysis of the identified ‘Igneacidithiobacillus’ species confirms this trait as widespread in genus (Supplementary Table S7), with predicted flagellar gene products having amino acid sequence identity of >60%.

All analyzed igneacidithiobacilli encode the genes (rmlABCD) required for the biosynthesis of L-rhamnose containing polysaccharides (such as lipopolysaccharides and extracellular and/or capsular polysaccharides; Li et al., 2022), and their secretion to the bacterium–environment interface. ‘I. copahuensis’ genomes also encode ABC transporter-dependent (kpsCSDEMT) and the synthase-dependent (pelABCDEFG) extracellular polysaccharide synthesis machinery (Figure 6A), which is involved in the biosynthesis of capsule and pellicle biofilms, respectively (Whitfield et al., 2020). The presence of several of the pel gene-cluster genes suggests that ‘I. siniensis’ and ‘Ca. I. taiwanensis’ also share the capacity to produce extracellular matrix Pel polysaccharide (Figure 6B). In the rest of the igneacidithiobacilli, these gene clusters are either incomplete or completely lacking, e.g., in clade 1F. In addition, both 1B and 1C clade representative strains have been observed to have thick capsules around the cells in TEM micrographs (Feng et al., 2012; Figure 6C), which possibly contribute to species survival and adaptation to the harsh (and fluctuating) conditions of their environment.
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FIGURE 6
 Morphophysiological characteristics of ‘Igneacidithiobacillus’ spp. (A) Phyletic patterns of relevant genes involved in capsule and extracellular matrix polysaccharide biosynthesis and/or transport (and associated gene clusters). The size of the dots represents the protein family count scored per cluster type. (B) Pel polysaccharide gene cluster organization and conservation across igneacidithiobacilli. ‘I. copahuensis’ strain VAN18-1 encodes 2 gene clusters, noted as pel-1 and pel-2. The pel-2 gene cluster is present in other strains of the species and in ‘I. siniensis’ and ‘Ca. I. taiwanensis’. Numbers correspond to the average percent similarity between reciprocal protein pairs as inferred with clinker (Gilchrist and Chooi, 2021). (C) Transmission electron micrograph (4.3 K X) of strain ‘I. copahuensis’ VAN18-1 grown in mineral salt medium containing trace elements (Dopson and Lindstrom, 1999) in the presence of 5 mM tetrathionate at pH 2.5 and 40°C. Bar: 500 nm.


Variations in the repertoire of species-exclusive glycosyltransferases interspersed in the gene clusters encoding the molecular machinery for the biosynthesis of capsule the O-antigen polysaccharide of lipopolysaccharides (LPS), and other envelope-related structures, were also observed (average of seven/genome-MAG), suggesting that ‘Igneacidithiobacillus’ spp. have distinct cell surface modifications (Supplementary Table S7), many of which may confer each lineage with specific adaptive advantages (e.g., to different abiotic stress conditions).





Conclusion

In this study, we combined a comprehensive phylogenetic analysis of publicly available 16S rRNA gene sequences from un/mis/assigned strains and uncultured sequence clones sampled globally, and genomic taxonomy methods applied to genomes and MAGs of selected representatives of the Acidithiobacillia class, to expand the contours of the genus ‘Igneacidithiobacillus’. Multiprotein phylogenomic trees supported the existence of at least seven species, four of which remained uncharted before this study. Members of the genus shared strong ecological preferences for tectonically active geothermal regions, predominantly along the Ring of Fire, occurring also in oligotrophic environments enriched in sulfur compounds. Metadata analysis revealed distinct habitat preferences among the specific lineages with respect to temperature, pH, and water chemistry, providing grounds for future prospective sampling and isolation of culturable representatives of the taxon. Compared with most acidophiles (including the majority of members of the Acidithiobacillia class), ‘Igneacidithiobacillus’ spp. appear to endure a wider range of pH and a lower pH limit along with higher temperatures (likely also, variations in these parameters) and higher ionic strengths. Genomic comparisons revealed that the gene repertoire of igneacidithiobacilli, and particularly the accessory gene complement, is still under sampled. Despite this fact, lineage-specific variations in occurrence and/or dosage of protein families related to high temperature and low pH adaptation, DNA repair mechanisms, tolerance to osmotic stress and heavy metals, and others responsible for cell surface modifications shed light on the adaptive traits of these lineages. Altogether, the findings presented herein provide insights into the genomic landscape of the novel genus ‘Igneacidithiobacillus’ and its diversity, laying the groundwork for further research on their ecology, evolution, and biotechnological potential.
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The extraction of nickel, cobalt, and other metals from laterite ores via bioleaching with sulfur-oxidizing and ferric iron-reducing, autotrophic, acidophilic bacteria (e.g. Acidithiobacillus species) has been demonstrated under anaerobic as well as aerobic conditions in experiments in different laboratories. This study demonstrated the bioleaching of laterites from Brazil with the addition of elemental sulfur in 2-L stirred-tank bioreactors with pure and mixed cultures of Acidithiobacillus and Sulfobacillus species under aerobic conditions. In particular, a potential disturbance of mineral dissolution under aerobic conditions by ferrous iron-oxidizing acidophiles likely introduced as contaminants in an applied bioleaching process was investigated with Leptospirillum ferrooxidans at 30°C and Leptospirillum ferriphilum at 40°C, at maintained pH 1.5 or without maintained pH leading to an increase in acidity (with pH values <1.0) due to the biological production of sulfuric acid. Despite the proportion of ferrous iron to the total amount of extracted iron in the solution being drastically reduced in the presence of Leptospirillum species, there was a negligible effect on the extraction efficiency of nickel and cobalt, which is positive news for laterite bioleaching under aerobic conditions.
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1 Introduction

The increasing demand for nickel and cobalt for battery production and other applications has led to increased mining of laterite ores. Pyrometallurgy is applied for saprolitic laterites but does not apply to limonitic laterites; here, hydrometallurgical processing options such as high-pressure acid leaching (HPAL) are chosen, which means high-energy consumption and processing costs (Stanković et al., 2020). Biohydrometallurgical processing of laterite ores promises lower energy consumption, lower acid consumption, and less expensive equipment due to relatively moderate acidic conditions over established laterite ore processing technologies.

Processing of limonitic laterites via bioleaching has been studied for about a decade (Roberto and Schippers, 2022; Santos and Schippers, 2023). Most studies focused on acidophiles that couple the oxidation of added elemental sulfur to sulfuric acid with the reduction of ferric iron in laterite mineral phases leading to a dissolution of particular mineral phases and solubilization of nickel and cobalt. The biogenic ferrous iron acts as a chemically reducing agent here (Stanković et al., 2022). First reports described a Ferredoxin process concept in which Acidithiobacillus (At.) ferrooxidans reduces ferric iron under anaerobic conditions from goethite as a main mineral phase, and the term “reductive bioleaching” was introduced (du Plessis et al., 2011; Hallberg et al., 2011; Johnson and du Plessis, 2015). A later study showed that other Ni- and Co-bearing mineral phases in laterites such as Mn-rich mineral phases and magnesium silicates are dissolved, rather than goethite (Stanković et al., 2022). This and other previous studies (Marrero et al., 2015, 2017) showed that Ni and Co recovery from limonitic laterites via bioleaching under aerobic conditions with the aerobic sulfur-oxidizers At. thiooxidans and At. caldus was at least as efficient as bioleaching under anaerobic conditions with At. ferrooxidans, with the advantage of lower acid consumption and no need for a costly gassing with dinitrogen to maintain anaerobic conditions. Aerobic bioleaching of ferric iron-rich laterites was efficient at low pH < 1. Overall, the reaction mechanism for this aerobic process is still unknown. However, it has been hypothesized that ferric iron is reduced only chemically, by reduced sulfur compounds released into solution by the sulfur-oxidizing Acidithiobacillus (Marrero et al., 2020; Johnson et al., 2021). Supporting this hypothesis, hydrogen sulfide and thiosulfate were recently detected as such sulfur intermediates in ferric iron reduction experiments with acidophiles (Breuker and Schippers, 2024).

A potential problem with aerobic bioleaching of limonitic laterites is that acidophilic ferrous iron-oxidizers such as Leptospirillum (L.) ferrooxidans would grow as contaminants in industrial bioleaching operations, which cannot run under sterile conditions (Smith and Johnson, 2018). In this case, ferrous iron would be oxidized to ferric iron and the ferrous iron concentration in solution might be too low for an efficient reductive dissolution of laterite mineral phases with the reductant ferrous iron (Moro et al., 2023). To address this concern, this study presents a couple of aerobic, stirred-tank bioleaching experiments in which iron-oxidizing acidophiles (Leptospirillum) were added to sulfur-oxidizing acidophiles (Acidithiobacillus) in co-culture, and the bioleaching efficiency was evaluated.



2 Materials and methods


2.1 Laterite sample

A laterite ore sample was obtained from a stockpile of the Anglo-American-owned Barro Alto mine in the state of Goiás, Brazil. The physical properties, geochemistry, and mineralogy of the sample BaSt are comprehensively described elsewhere (Stanković et al., 2022). Briefly, the sample was ocher-colored, fine-grained clayey-silty material, completely decomposed and disaggregated. It could be categorized as a mixed limonitic-saprolitic laterite with different nickel- and cobalt-bearing mineral phases. The chemical composition included approximately 42% Fe2O3, 26% SiO2, 9.4% MgO, 4.8% Al2O3, 0.8% MnO, 15.8 g/kg Cr, 13.6 g/kg Ni, and 1.3 g/kg Co.



2.2 Laterite bioleaching experiments

Bioleaching was carried out on a laboratory scale in 2-L stirred-tank bioreactors, containing 1.5 L of a basalt salts medium with trace elements (Ňancucheo et al., 2016) with an initial pH of 1.5, 1% (w/v) elemental sulfur, and 36 mM ferrous iron. Bioreactors were constantly stirred and supplied with compressed air to ensure oxygen and CO2 supply. Pre-grown type strain pure cultures of sulfur-oxidizing At. thiooxidans DSM 14887T and At. caldus DSM 8584T were used to evaluate the bioleaching efficiency in the absence of iron-oxidizers. To evaluate bioleaching efficiency in the presence of iron-oxidizers, type strains of L. ferrooxidans DSM 2705T and L. ferriphilum DSM 14647T were mixed with either At. thiooxidans or At. caldus, respectively (1:1, mixed cultures). Temperature was kept constant at 30°C for At. thiooxidans ± L. ferrooxidans and at 40°C for At. caldus ± L. ferriphilum. In addition, bioleaching efficiency was tested with artificial consortia consisting of different sulfur- and iron-oxidizers at 30°C and 40°C (Table 1) to get closer to non-sterile industrial conditions, mimicking possible contamination with multiple microorganisms. All bioreactors were inoculated with 10% (v/v) pre-grown pure or mixed cultures and run for 4 days for further growth. Afterward, 10% (w/v) laterite was added to start bioleaching. During 15 days of bioleaching, the pH was adjusted with 1 M H2SO4 or 1 M NaOH to be maintained at 1.5, or there was no pH maintenance. Samples for chemical and microbiological analyses were regularly taken. All experiments were performed in two replicate bioreactors if not stated otherwise.



TABLE 1 Mesophilic and moderately thermophilic, acidophilic bacteria used for bioleaching experiments in the two consortia at 30°C and 40°C, respectively.
[image: Table1]



2.3 Analytical methods and statistics

Liquid samples were analyzed for dissolved metals via inductively coupled plasma optical emission spectroscopy (ICP-OES). Ferrous iron and total iron concentrations were measured by colorimetric assays (Stookey, 1970). The pH and redox potentials (platinum-silver/silver chloride electrodes with results converted corresponding to the standard hydrogen electrode) were measured with electrodes (Blue Line, Xylem Analytics Germany Sales GmbH & Co. KG, Achalaich, Germany) and the Calimatic 766 Laboratory Meter (Knick Elektronische Messgeräte GmbH & Co. KG, Berlin, Germany). SYBR Green staining was used to determine cell numbers in liquid samples via fluorescence microscopy (Hedrich et al., 2016). Statistical analyses were performed in SigmaPlot version 12.3 (Systat Software, Inc., San Jose, CA, USA). Prior to statistical tests, basic data analyses were performed, including visual inspection of all measured variables coupled with the Shapiro–Wilk normality test. Analysis of variance (ANOVA) was used to test for the treatment effect, that is, differences between temperature and pH.




3 Results


3.1 Physiological data of laterite bioleaching experiments (pH, redox potential, and iron concentration)


3.1.1 Laterite bioleaching at 30°C with Acidithiobacillus thiooxidans in the presence or absence of Leptospirillum ferrooxidans

Mean solution pH values during the pH-maintained bioleaching experiments with the At. thiooxidans pure culture and the At. thiooxidans–L. ferrooxidans mixed cultures were 1.52 ± 0.1 and 1.49 ± 0.1, respectively (Figure 1). In bioreactors containing the At. thiooxidans–L. ferrooxidans mixed culture without maintained pH, the pH was similar, with a mean pH of 1.52 ± 0.1. For the pure culture of At. thiooxidans, the pH dropped during incubation and reached 1.12 ± 0.1 after 15 days and was significantly different from the mixed culture experiments (p = 0.001). The redox potential in pure culture bioreactors with and without maintained pH behaved similarly (621 ± 32 mV and 622 ± 25 mV, respectively), whereas the redox potential of mixed cultures was considerably higher, reaching 857 ± 5 mV at adjusted maintained pH and 779 ± 11 mV when pH was not maintained (Figure 1). Disregarding whether the pH in the bioreactors was maintained or not, the differences in redox potential between pure and mixed cultures were significant with p = 0.005 and p < 0.001, respectively. Total iron concentration in the solution reached 29.8 ± 2.2 mM and 54.5 ± 13.4 mM in pure and mixed cultures, respectively, when pH was maintained (Figure 2). When pH was not maintained total iron in solution reached 37.8 ± 4.7 mM and 12.4 ± 0.4 mM in pure and mixed cultures, respectively. Ferrous iron as a percentage of total iron in solution behaved very differently in pure and mixed cultures, independent of pH. In all At. thiooxidans cultures, most of the total iron was present as ferrous iron, 98.7 ± 4.3% and 100 ± 1.8% when pH was maintained or not, respectively (Figure 2). In mixed cultures of At. thiooxidans and L. ferrooxidans, the ferrous iron proportion dropped quickly and at the end of experiments only represented 1.8 ± 0.6% and 2.3 ± 0.2% of total iron when pH was maintained or not, respectively. Differences in the amount of ferrous iron as a percentage of total iron were significantly different for pH 1.5 (p < 0.001) and not maintained pH (p < 0.001) between pure and mixed cultures.

[image: Figure 1]

FIGURE 1
 pH (left) and redox potential (right) during laterite bioleaching with a pure culture of At. thiooxidans ([image: inline1]) and a mixed culture of At. thiooxidans and L. ferrooxidans ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at maintained pH 1.5 (A) or not maintained pH (B). Error bars show standard deviations from the mean values for two parallel bioreactor runs, except for At. thiooxidans and L. ferrooxidans at maintained pH 1.5 (n = 3).


[image: Figure 2]

FIGURE 2
 Total iron content (left) and ferrous iron as a percentage of total iron (right) during laterite bioleaching with a pure culture of At. thiooxidans ([image: inline1]) and a mixed culture of At. thiooxidans and L. ferrooxidans ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at maintained pH 1.5 (A) or not maintained pH (B). Error bars show standard deviations from the mean values for two parallel bioreactor runs, except for At. thiooxidans and L. ferrooxidans at maintained pH 1.5 (n = 3).




3.1.2 Laterite bioleaching at 40°C with Acidithiobacillus caldus in the presence or absence of Leptospirillum ferriphilum

Mean solution pH values of At. caldus and At. caldus–L. ferriphilum during bioleaching at maintained pH were 1.52 ± 0.1 and 1.50 ± 0.1, respectively (Figure 3). When the pH was not maintained in the pure culture of At. caldus and mixed culture of At. caldus and L. ferriphilum, the pH behaved similarly and dropped below 1, reaching a minimum of 0.78 ± 0.0 in pure culture and 0.77 ± 0.1 in mixed culture, despite being significantly different throughout incubation (p = 0.012). The mean redox potential in pure culture at maintained pH was 649 ± 19 mV, and 668 ± 13 mV when the pH was not maintained (Figure 3). Again, the redox potential of the mixed culture was higher and climbed to 882 ± 8 mV at pH 1.5 and 773 ± 42 mV when pH was not maintained. For both maintained pH 1.5 and not maintained pH, the differences in redox potential between pure and mixed cultures were significant with p = 0.000 and p < 0.001, respectively. Total iron in solution was almost identical at maintained pH in pure and mixed cultures after 15 days reaching 19.5 ± 1.2 mM and 19.2 ± 3.1 mM, respectively. However, ferrous iron represented 94.1% of total iron in pure culture and only 1.8 ± 0.6% in mixed culture (Figure 4), and the difference between the two treatments was significant (p = 0.013). In bioreactors without maintained pH, total iron in solution reached 92.4 ± 5.0 mM in pure culture and 42.2 ± 9.7 mM in mixed culture, of which 59.1 ± 13.6% and 11.2 ± 2.0% were present as ferrous iron, respectively (Figure 4), presenting a statistically significant difference with p < 0.001.

[image: Figure 3]

FIGURE 3
 pH (left) and redox potential (right) during laterite bioleaching with a pure culture of At. caldus ([image: inline1]) and a mixed culture of At. caldus and L. ferriphilum ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at maintained pH 1.5 (A) or not maintained pH (B). Error bars show standard deviations from the mean values for two parallel bioreactor runs.


[image: Figure 4]

FIGURE 4
 Total iron content (left) and ferrous iron as a percentage of total iron (right) during laterite bioleaching with a pure culture of At. caldus ([image: inline1]) and a mixed culture of At. caldus and L. ferriphilum ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at maintained pH 1.5 (A) or not maintained pH (B). Error bars show standard deviations from the mean values for two parallel bioreactor runs.




3.1.3 Laterite bioleaching with mesophilic or moderately thermophilic consortia of acidophiles in the presence or absence of Leptospirillum species

During bioleaching at maintained pH, the mean pH values of the 30°C and 40°C consortia were 1.50 ± 0.1 and 1.49 ± 0.1, respectively (Figure 5). When pH was not maintained in consortia bioreactors at 30°C and 40°C, the pH behaved similarly and dropped down during incubation, reaching 1.06 ± 0.2 at 30°C and 1.30 ± 0.1 at 40°C. Differences in pH between maintained and not maintained treatments with consortia were statistically significant at 40°C (p = 0.046), but not at 30°C. The mean redox potential at 30°C and maintained pH was 818 ± 39 mV, and 828 ± 31 mV when the pH was not maintained (Figure 5). The redox potential at 40°C was higher, though also in a similar range with mean values of 824 ± 23 mV at pH 1.5 and 838 ± 18 mV when pH was not maintained. Total iron concentration in solution was comparable at 30°C and 40°C after 15 days when pH was maintained (48.3 ± 6.3 mM and 51.6 ± 6.8 mM, respectively) and not maintained (57.7 ± 10.8 mM and 61.4 ± 15.8 mM, respectively) (Figure 6). The ferrous iron concentration was low during incubation and the mean values ranged between 2.4 and 3.3% of total iron in all reactors (Figure 6).

[image: Figure 5]

FIGURE 5
 pH (left) and redox potential (right) during laterite bioleaching with consortia consisting of acidophilic sulfur- and iron-oxidizers at maintained pH 1.5 ([image: inline1]) and not maintained pH ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at 30°C (A) or 40°C (B). Error bars show standard deviations from the mean values for three and two parallel bioreactor runs at maintained pH 1.5 and not maintained pH, respectively.
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FIGURE 6
 Total iron content (left) and ferrous iron as a percentage of total iron (right) during laterite bioleaching with consortia consisting of acidophilic sulfur- and iron-oxidizers at maintained pH 1.5 ([image: inline1]) and not maintained pH ([image: inline1]) over 15 days under oxic conditions in 2-L stirred-tank reactors at 30°C (A) or 40°C (B). Error bars show standard deviations from the mean values for three and two parallel bioreactor runs at maintained pH 1.5 and not maintained pH, respectively.





3.2 Cell numbers during laterite bioleaching

Planktonic cell numbers were similar in 30°C bioreactors with the pure culture of At. thiooxidans and the mixed culture of At. thiooxidans–L. ferrooxidans when pH was not maintained (Figure 7). Bioreactors were inoculated with 2.51 × 105 ± 2.96 × 104 cells mL−1 of At. thiooxidans and 4.33 × 106 ± 4.74 × 106 cells mL−1 of the At. thiooxidans–L. ferrooxidans mixed culture. After 4 days of growth and before the addition of the laterite sample, bioreactors with pure culture contained 2.25 × 106 ± 9.14 × 105 cells mL−1, whereas bioreactors with mixed culture contained 8.64 × 106 ± 7.47 × 106 cells mL−1. Cell numbers increased in all bioreactors (with the initial difference in cell densities being reduced), reaching 3.35 × 107 ± 7.68 × 106 cells mL−1 in pure culture and 4.95 × 107 ± 1.46 × 106 cells mL−1 in mixed culture. Cell numbers for bioreactors with the mixed culture of At. caldus and L. ferriphilum started at 2.78 × 105 ± 3.87 × 105 cells mL−1 and reached 9.16 × 106 ± 4.98 × 106 cells mL−1 after 4 days, just before the addition of laterite (Figure 7). After 14 days of bioleaching by mixed cultures, the mean cell count reached 2.65 × 107 ± 4.97 × 106 cells mL−1. Unfortunately, cell numbers for At. caldus pure culture for inoculation of the bioreactors are not available due to technical reasons, but cell numbers had reached 1.95 × 107 ± 1.71 × 106 cells mL−1 before laterite was added (Figure 7). The cell counts showed some fluctuation during bioleaching and reached 3.97 × 107 ± 8.65 × 106 cells mL−1 after 5 days. The mean cell number of pure At. caldus culture and that of At. caldus–L. ferriphilum mixed culture was statistically significantly different (p = 0.024).
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FIGURE 7
 Cell numbers during pre-growth (shaded areas) and laterite bioleaching (days 0 to 14/15) with (A) At. thiooxidans ([image: inline1]) and At. thiooxidans–L. ferrooxidans ([image: inline1]) at not maintained pH and 30°C, (B) At. caldus ([image: inline1]) and At. caldus–L. ferriphilum ([image: inline1]) at not maintained pH and 40°C, and consortia consisting of acidophilic sulfur- and iron-oxidizers at maintained pH 1.5 ([image: inline1]) and not maintained pH ([image: inline1]) under oxic conditions in 2-L stirred-tank reactors at 30°C (C) or 40°C (D). Error bars show standard deviations from the mean values for two parallel bioreactor runs.


The cell numbers in consortia followed similar trends and showed no significant differences during laterite bioleaching at either 30°C or 40°C at maintained pH 1.5 or not maintained pH (Figure 7).

At 30°C the initial cell density was 3.42 × 106 ± 1.99 × 106 cells mL−1 in bioreactors with pH maintained at 1.5, while 4.44 × 106 ± 1.28 × 106 cells mL−1 were present in bioreactors without maintained pH. After 4 days of growth and before the addition of the laterite sample, bioreactors with pH 1.5 contained 1.41 × 107 ± 2.15 × 106 cells mL−1, whereas bioreactors without maintained pH contained 2.40 × 107 ± 1.24 × 107 cells mL−1. Cell numbers increased in all approaches, reaching 6.18 × 107 ± 1.95 × 107 cells mL−1 at pH 1.5 and 9.84 × 107 ± 9.71 × 105 cells mL−1 when pH was not maintained. Bioreactors running at 40°C with the moderately thermophilic consortium at maintained or not maintained pH had initial cell densities of 3.01 × 106 ± 2.12 × 106 and 5.56 × 106 ± 3.34 × 105 cells mL−1, respectively, and reached 3.42 × 107 ± 6.64 × 106 and 3.78 × 107 ± 10.4 × 107 cells mL−1 before the addition of the laterite sample (Figure 7). During bioleaching, the cell numbers did not change much and were at 5.55 × 107 ± 1.30 × 107 and 3.91 × 107 ± 4.17 × 106 cells mL−1 at the end of the runs at pH 1.5 and without maintained pH.



3.3 Extraction of nickel, cobalt, and iron in laterite bioleaching experiments

The leaching degree after 15 days with maintained pH for cobalt was 56.9% and for nickel 29.3% in At. thiooxidans pure culture and 57.8 ± 4.6% for cobalt and 26.5 ± 1.7% for nickel in mixed culture with L. ferrooxidans. When the pH was not maintained the leaching degrees for cobalt and nickel in pure culture were 69.3 ± 3.9% and 38.6 ± 3.6%, respectively, and 67.4 ± 7.8% and 36.7 ± 8.1% for cobalt and nickel, respectively, in mixed cultures (Figure 8). No statistically significant difference was detected between pure and mixed cultures or pH treatments.
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FIGURE 8
 Leaching degree of Co, Ni, and Fe in laterite bioleaching experiments with a pure culture of At. thiooxidans and a mixed culture of At. thiooxidans and L. ferrooxidans after 15 days under oxic conditions in 2-L stirred-tank reactors at pH 1.5 or not maintained pH. Error bars show standard deviations from the mean values for n parallel bioreactor runs.


Leaching degrees for cobalt and nickel were 67.8 ± 3.5% and 33.8 ± 0.7%, respectively, for At. caldus at pH 1.5 and 70.8 ± 2.2% and 45.2 ± 1.6%, respectively, for At. caldus at not maintained pH. Mixed cultures of At. caldus and L. ferriphilum at pH 1.5 showed leaching degrees of 61.5 ± 9.4% for cobalt and 31.0 ± 5.9% for nickel, when the pH was not maintained the leaching degrees were 68.5 ± 0.2% for cobalt and 38.8 ± 2.2% for nickel (Figure 9). The leaching degree of Ni was statistically significantly different between At. caldus at pH 1.5 and not maintained pH (p = 0.012).

[image: Figure 9]

FIGURE 9
 Leaching degree for Co, Ni, and Fe in laterite bioleaching experiments with a pure culture of At. caldus and a mixed culture of At. caldus and L. ferriphilum after 15 days under oxic conditions in 2-L stirred-tank reactors at pH 1.5 or not maintained pH. Error bars show standard deviations from the mean values for n parallel bioreactor runs.


In bioreactors with consortia consisting of different acidophilic sulfur- and iron-oxidizers leaching degrees of cobalt and nickel were similar in all reactors, regardless of temperature and pH. Leaching degrees for cobalt and nickel at 30°C were 68.7 ± 8.8% and 31.8 ± 1.2%, respectively, at pH 1.5 and 66.8 ± 0.7% and 37.4 ± 0.3%, respectively, at not maintained pH, with leaching degrees of Ni showing a statistically significant difference (p = 0.024) between maintained and not maintained pH for 30°C. Consortia at 40°C and maintained pH 1.5 showed leaching degrees of 67.9 ± 4.5% for cobalt and 35.4 ± 2.3% for nickel, when the pH was not maintained the leaching degrees were 65.2 ± 1.2% for cobalt and 39.6 ± 3.9% for nickel (Figure 10). No statistically significant difference was detected between maintained and not maintained pH for 40°C.
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FIGURE 10
 Leaching degree for Co, Ni, and Fe in laterite bioleaching experiments with a mesophilic (30°C) and a moderately thermophilic (40°C) consortium after 15 days under oxic conditions in 2-L stirred-tank reactors at pH 1.5 or not maintained pH. Error bars show standard deviations from the mean values for two parallel bioreactor runs.





4 Discussion

This study confirmed that bioleaching of laterite with acidophilic, sulfur-oxidizing bacteria under oxic conditions is a viable process option. Extraction of nickel and cobalt in stirred-tank reactor bioleaching experiments with the same laterite sample BaSt and pure cultures of acidophiles was 50 and 76%, respectively, for At. thiooxidans and 56 and 88%, respectively, for At. caldus in a previous study in our laboratory (Stanković et al., 2022); thus, similar values were obtained in this new study. The effect of potential contamination in industrial bioleaching operations with ferrous iron-oxidizing acidophiles active at low pH such as Leptospirillum species (Smith and Johnson, 2018) was particularly investigated in a couple of laterite bioleaching experiments with the addition of Leptospirillum species as artificial contaminants in stirred-tank reactors. As expected, for both mixed cultures, At. thiooxidans with L. ferrooxidans at 30°C as well as At. caldus with L. ferriphilum at 40°C, ferrous iron was efficiently oxidized to ferric iron leading to a small proportion of ferrous iron to total iron and a much higher redox potential than in the bioreactors with the respective pure cultures, At. thiooxidans and At. caldus. Surprisingly, despite acidophilic ferrous iron-oxidizers, that is, Leptospirillum spp., being present and therefore ferrous iron concentrations being low and redox potentials maintained high, leaching of cobalt and nickel was almost as efficient as in pure cultures of sulfur-oxidizing Acidithiobacillus spp. under identical conditions in bioreactors. Results imply an efficient reductive dissolution of the laterite mineral phase, despite the concentrations of ferrous iron being barely detectable in mixed cultures of sulfur- and iron-oxidizers (Smith and Johnson, 2018).

In their study using a co-culture of At. caldus with L. ferriphilum under oxic conditions, Smith and Johnson (2018) stated that ferric iron sensitivity and a high positive redox potential were responsible for lower rates of both sulfur oxidation and growth of At. caldus, which might explain the somehow lower but not statistically significant bioleaching efficiency in mixed culture in our experiment. In fact, At. thiooxidans might be less sensitive to high ferric iron concentrations, and therefore, the leaching degree was almost the same as in mixed culture with L. ferrooxidans.

Overall, the difference in cobalt and nickel extraction was negligible for the different experiments (despite different pH values); thus, the question remains why a dramatically lowered ferrous iron concentration in the presence of Leptospirillum spp. did not have a significant effect on the bioleaching of laterite. Ferrous iron is considered to be an efficient reductant for several oxidized cobalt and nickel-bearing mineral phases in laterite throughout bioleaching with acidophiles (Stanković et al., 2022; Moro et al., 2023; Santos and Schippers, 2023). However, during the oxidation of elemental sulfur by acidophiles under oxic conditions ferric iron is likely chemically reduced, probably by sulfur compounds formed during the process as suggested by Marrero et al. (2020). Recently, hydrogen sulfide and thiosulfate were detected as such sulfur intermediates in ferric iron reduction experiments with acidophilic sulfur-oxidizers (Breuker and Schippers, 2024). Such inorganic sulfur compounds would also directly (not only indirectly via iron cycling) reduce mineral phases such as manganese and iron(hydr)oxides (Schippers and Jørgensen, 2001) carrying nickel and cobalt; thus, in fact, these compounds might be even more relevant for reductive laterite bioleaching under oxic conditions than ferrous iron.

Overall, the dissolution of oxide minerals such as goethite in limonitic laterites is based on three processes (Hallberg et al., 2011; Johnson et al., 2021; Vera et al., 2022), which might co-occur during “reductive” bioleaching of laterites with sulfur-oxidizing acidophiles:

1. Microbial acid generation via oxidation of elemental sulfur to sulfuric acid leads to acid leaching.

2. Microbial ferric iron reduction coupled with elemental sulfur oxidation shifts the equilibrium between goethite solid-phase and soluble ferric iron, thereby contributing to goethite dissolution.

3. Microbial release of inorganic sulfur compounds such as hydrogen sulfide serving as a chemical reductant of oxide minerals.

Conclusively, despite the presence of ferrous iron-oxidizing acidophiles (Leptospirillum spp.) significantly reducing the ferrous iron concentration, no significant decrease in the extraction rates of cobalt and nickel from a laterite ore occurred using bioleaching with sulfur-oxidizing acidophiles (Acidithiobacillus spp.) under oxic conditions. Therefore, bioleaching of laterite under oxic conditions remains a suitable process option.
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Acidophiles comprise a group of microorganisms adapted to live in acidic environments. Despite acidophiles are usually associated with an autotrophic metabolism, more than 80 microorganisms capable of utilizing organic matter have been isolated from natural and man-made environments. The ability to reduce soluble and insoluble iron compounds has been described for many of these species and may be harnessed to develop new or improved mining processes when oxidative bioleaching is ineffective. Similarly, as these microorganisms grow in highly acidic media and the chances of contamination are reduced by the low pH, they may be employed to implement robust fermentation processes. By conducting an extensive literature review, this work presents an updated view of basic aspects and technological applications in biomining, bioremediation, fermentation processes aimed at biopolymers production, microbial electrochemical systems, and the potential use of extremozymes.
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1 Introduction

Microorganisms are the earliest life forms that emerged on our planet nearly 3.7–4.3 billion years ago. Since then, living organisms have colonized the sea and land from pole to pole being nowadays omnipresent on Earth (Thakur et al., 2022). Although the concept of “extreme conditions” follows anthropocentric criteria rather than broader biological criteria, it is used to define the group of extremophiles (Merino et al., 2019). Hence, the term extremophile comprises a heterogeneous group of living organisms that thrive under extreme environmental conditions in harsh niches (Rampelotto, 2013). The heterogeneity found among extremophilic microorganisms, which might be the most abundant life forms on our planet, makes it necessary to establish subclassifications depending on the ability to grow at different pH, temperature, salinity, pressure, and water activity values (Thakur et al., 2022).

Regarding microorganisms able to grow at low pH, moderate acidophiles grow optimally from pH 3 to 5, whereas extreme acidophiles have an optimum pH at 3 or below. Acidithiobacillus thiooxidans, formerly known as Thiobacillus thiooxidans, was the first extreme acidophile discovered a century ago (Johnson and Quatrini, 2020). This bacterium is a mesophilic obligate aerobe that obtains energy from the oxidation of elemental sulfur and reduced inorganic sulfur compounds to sustain a strict autotrophic metabolism (Yang et al., 2019). Since then, several other extreme acidophilic autotrophs have been isolated from mine sites, hydrothermal vents, and geothermal acidic sites, including the most studied extremely acidophilic prokaryote Acidithiobacillus ferrooxidans (formerly named Thiobacillus ferrooxidans) (Quatrini and Johnson, 2019). Not surprising that acidophilic autotrophs have been utilized in coal and oil desulfurization, biotrickling, bioremediation, and biomining processes. Currently, they are a valuable tool for beneficiation of uranium, refractory gold, and low-grade copper ores due to their iron- and sulfur-oxidizing metabolism.

In contrast to acidophilic autotrophs, first extreme acidophilic heterotrophs were isolated in 1970 (Darland et al., 1970) and in the early 1980s (Harrison, 1981; Wichlacz and Unz, 1981; Johnson and Kelso, 1983), i.e., several decades after the discovery of Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans. This may be paradoxical since heterotrophy is the most widespread form of metabolism among bacteria (Johnson and Roberto, 1997). Research in acidophiles is still highly focused on autotrophs, but several heterotrophic and mixotrophic acidophiles have been isolated over last decades (see Figure 1A). Figures 1B,C show that most bacteria grow better under mild and moderated temperatures, except those belonging to the genus Sulfurisphaera, while archaea tend to grow optimally at low pH or high temperatures. Since some microorganisms may be used in different bioprocesses, the aim of this article is to review and discuss significant and recent advances in the technological applications of organic matter-degrading acidophiles.
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FIGURE 1
 (A) Number of isolated acidophilic bacteria (gray bars) and archaea (white bars) able to degrade organic compounds, and the cumulative percentage of exclusive heterotrophic microorganisms (square markers). Panels (B,C) Growing conditions of acidophilic bacteria (Panel B) and archaea (Panel C) able to degrade organic compounds. The blue diamond represents an exclusive heterotrophic metabolism, and the red square shows a mixed heterotrophic/autotrophic metabolism. Markers have been plotted in the optimum values or in the center of optimal ranges. Supplementary Tables S1, S2 show detailed data while numbers in markers are referred to strains listed in both tables.




2 Basic aspects

Acidophiles use a variety of homeostatic mechanisms to maintain a circumneutral intracellular pH while living in acidic media (Baker-Austin and Dopson, 2007). Interestingly, acidophiles able to grow at extremely low pH (~pH 0, e.g., Picrophilus oshimae) can utilize organic matter as carbon and energy source (Xianke, 2021). As organic acids may act as uncouplers of the respiratory chain (Baker-Austin and Dopson, 2007), the ability to degrade them may be key to proliferate near pH 0 (Ciaramella et al., 2005). Most acidophilic heterotrophs degrade organic compounds using dissolved oxygen as final electron acceptor, while a strict respiratory metabolism has been reported for microorganisms belonging to the genera Acidisphaera, Acidocella, Acidomonas, Alicyclobacillus, and Sulfobacillus (Sievers and Swings, 2015; da Costa et al., 2015a,b; Hiraishi, 2015a,b). Notwithstanding, the utilization of alternative final electron acceptors such as Fe(III), Mn(IV), sulfate, and nitrate has been described for several strains: Acidibacter ferrireducens, Acididesulfobacillus acetoxydans, Acidimicrobium ferrooxidans, Desulfosporosinus acidiphilus, Ferrimicrobium acidiphilum, Ferrithrix thermotolerans, and some microorganisms belonging to the genera Acidiphilium, Alicyclobacillus, and Sulfobacillus (Johnson and McGinness, 1991; Wakao et al., 1994; Clark and Norris, 1996; Alazard et al., 2010; Falagán and Johnson, 2014; Norris, 2015a,b; da Costa et al., 2015b). In fact, dissimilatory iron reduction is a widespread characteristic among acidophilic heterotrophic bacteria (Coupland and Johnson, 2008), a metabolism that may derive from an ancient form of respiration when ferric iron was the most abundant oxidant (Knoll et al., 2016; Dong et al., 2021). However, a recent report showed that microbial iron reduction is usually reported at extreme pH and temperatures, but not when these extremes are combined; with the exception of four acidophilic hyperthermophiles (Saccharolobus shibatae, Saccharolobus caldissimus, Saccharolobus solfataricus, and Acidianus manzaensis) and two other strains (Nixon et al., 2022).

At circumneutral pH the solubility of Fe(III) is minimum (Cornell and Schwertmann, 2003), and some microorganisms (e.g., Geobacter and Shewanella) have developed several mechanisms for transferring electrons to ferric solids to act as electron sink (Gralnick and Newman, 2007). Nevertheless, iron reduction in acidophiles has not yet been sufficiently explored (Malik and Hedrich, 2022), considering the large availability of Fe(III) below pH 2.5, which solubility largely exceeds the solubility of oxygen in pure water at 25°C and 0.21 atm (2.56·10−4 mol/L) (Xing et al., 2014). Additionally, since acidophiles maintain a circumneutral intracellular pH, the energy harnessed from Fe(III) reduction (Equation 1) is similar to that obtained from using O2 as final electron acceptor (Equation 2). Redox transformations of other species can also be mediated by acidophilic heterotrophs, such as reduction of Cr(VI) (Cummings et al., 2007), reduction of Mo(VI) (Brierley and Brierley, 1982), or oxidation of As(III) (Battaglia-Brunet et al., 2011), but some of these reactions are not related to energy-conservation.
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Some organic matter degrading acidophiles can synthesize pigments, such as bacteriochlorophyll and carotenoids. Bacteriochlorophylls are bacterial pigments involved in photosynthesis without the production of oxygen. To date, seven bacteriochlorophylls types have been identified with annotation using letters a–g (Yang et al., 2021). On the other hand, carotenoids (carotenes and xanthophylls) are tetraterpenes widely distributed in photosynthetic bacteria, and some species of archaea, fungi, algae, plants, and animals (Maoka, 2020). For instance, the genus Acidiphilium is characterized by the production of zinc-chelated bacteriochlorophyll a (Zn-BChl a) and the carotenoid spirilloxanthin (Hiraishi and Imhoff, 2015). However, Acidisphaera rubrifaciens, the only species belonging to the genus Acidisphaera, produces magnesium-chelated bacteriochlorophyll a (Mg-BChl a) as the main photopigment. Zn-BChl a is more stable than Mg-BChl a under acidic conditions (Hiraishi et al., 2000), and it has been shown to play a protectant role of the photosynthetic apparatus of Acidiphilium rubrum against copper toxicity (Jaime-Pérez et al., 2021). Biopolymers, such as polyhydroxyalkanoates (PHAs) and extracellular polymeric substances (EPS), are also produced by microorganisms belonging to the genus Acidiphilium. PHAs are biopolyesters accumulated by numerous microorganisms as storage compounds, being poly (3-hydroxybutyrate) (P3HB) the most common type of PHA (Palmeiro-Sánchez et al., 2022). Several strains of Acidiphilium cryptum can accumulate P3HB (Xu et al., 2013; González et al., 2023) while EPS production has also been reported for Acidiphilium sp. (Tapia et al., 2009, 2011; González et al., 2023). The section below addresses how these aspects may be involved in biotechnological applications of these microorganisms.



3 Technological applications


3.1 Biomining and bioremediation processes

Iron- and sulfur-oxidizing autotrophic acidophiles have been successfully used in mining applications. Therefore, several efforts have been made to use heterotrophic and mixotrophic acidophiles in biotechnology applied to this area. Most acidophiles able to reduce dissolved Fe(III) can also reductively dissolve ferric iron-containing minerals such as: amorphous ferric hydroxide, jarosite, magnetite, goethite, and hematite, among others (Johnson and McGinness, 1991; Bridge and Johnson, 1998, 2000; Hallberg et al., 2011; González et al., 2015a,b). Hence, the iron-reducing metabolism has been shown to be useful in biohydrometallurgical processes when oxidative bioleaching is ineffective or more sustainable methods are required (Malik and Hedrich, 2022). According to Eisele and Gabby (2014), iron-reducers may be used to: (i) remove iron impurities from materials where iron gives undesirable properties, (ii) recover iron from ores that are resistant to conventional processes, and (iii) promote the liberation and recovery of other metals.

The presence of iron impurities negatively affects the price of kaolin, bauxite, and silica due to color and other properties adversely affected. For example, main methods of kaolin bleaching comprises flocculation with polymers, chemical solubilization, extraction, and washing (Cobos-Murcia et al., 2022). Despite iron-reducing microorganisms can also be used for this purpose (Hosseini and Ahmadi, 2015; Yong et al., 2022), few studies report the utilization of heterotrophic acidophiles for kaolin bleaching (Kupka et al., 2007). On the other hand, metallic iron may be obtained from recalcitrant ores by the sequential using of iron-reducers (González et al., 2020) and electrowinning (Mostad et al., 2008). However, it seems not applicable at large scale because iron is highly abundant in the earth’s crust, and extractive metallurgy has developed highly optimized methods to obtain this metal at low cost.

Iron-reducing microorganisms can also be used for the recovery of metals different to iron. For example, manganese leaching from low-grade ores is increased by Acidiphilium cryptum growing heterotrophically (González et al., 2018), while rock phosphate, pyrite (Xiao et al., 2013), copper ores (Xu et al., 2010a; Yang et al., 2013), and printed circuit boards (Priya and Hait, 2020) are better leached when using mixed cultures of Acidiphilium sp. and Acidithiobacillus ferrooxidans. The action mechanism of iron reducers has been explained due to interactions with the solid compounds and other strains (i.e., iron- and sulfur-oxidizers) (Johnson and Roberto, 1997; Liu et al., 2011). Nevertheless, the ability of some heterotrophs to oxidize Fe(II) and sulfur-reduced compounds may also be relevant (Bacelar-Nicolau and Johnson, 1999; Priya and Hait, 2018; Bulaev, 2020; Panyushkina et al., 2021, 2022; Enuh and Aytar Çelik, 2022; Cho et al., 2023).

In this regard, a mixed culture of Acidiphilium multivorum and Acidithiobacillus ferrooxidans has been used in a biomineralization process where iron and sulfate are removed from acid mine drainage as schwertmannite to decrease the subsequent lime consumption and sludge generation (Jin et al., 2020). Similarly, a mixed culture of Alicyclobacillus tolerans and Acidiphilium cryptum was able to produce crystalline schwertmannite precipitates with the potential to remove arsenic from acidic effluents (Nural Yaman et al., 2023). Other applications related to highly impactful topics in material sciences include leaching of rare earths elements (e.g., by Acidomonas methanolica) (Hedrich et al., 2023), and the production of precious metals nanoparticles (palladium, gold and platinum, e.g., by Acidocella aromatica and Acidiphilium cryptum) (Okibe et al., 2017; Rizki and Okibe, 2018; Matsumoto et al., 2021).



3.2 Fermentation processes

Microbial fermentation is currently used for producing food and beverages, food ingredients and supplements, pharmaceuticals and nutraceuticals, monomers, solvents, and biofuels. The utilization of extremophiles in fermentation processes has been encouraged in recent works to increase the competitiveness of these processes (Chen and Jiang, 2018; Chen and Liu, 2021), having PHA as a particular product which can be generated using extremophiles (Koller, 2017). The accumulation of P3HB by acidophilic heterotrophs was presumed or reported in some early works where TEM imaging showed electron-transparent granules (Wichlacz et al., 1986; Matsuzawa et al., 2000). However, early studies in which the intracellular polymer was extracted and analyzed were first published by Yang et al. (2007) and Peng et al. (2008). Acidiphilium sp. DX1-1 (Zhang et al., 2013) has been the most commonly used strain to study the accumulation of P3HB at low pH from glucose, although the type strain A. cryptum Lhet 2 was utilized in a recent study using glycerol (González et al., 2023). The optimal conditions for P3HB production (glucose 40 g/L, KNO3 15 g/L, and pH 3.0) were determined through an orthogonal array test which yielded the maximum of 19.75 g/L of P3HB (Xu et al., 2008). On the other hand, Xu et al. (2010) reported that chloroform-sodium hypochlorite was the best method for extraction of P3HB from A. cryptum (73% extraction and 92% purity) to obtain a material with a crystallinity degree of 46% formed mostly by fragments of 672 Da.

The expression of 13 genes related to the metabolism of P3HB was studied under different C:N ratios using real-time PCR (Xu et al., 2010b). This work showed upregulation of these genes when A. cryptum was grown using a C:N ratio equal to 2.4 to obtain 0.88 g of P3HB per gram of dry cells. Hence, acetyl-CoA synthetase and poly-β-hydroxybutyrate polymerase were pointed as the most upregulated genes for P3HB synthesis under the optimal C:N ratio. The authors also suggest that the P3HB yield may be raised using molecular biology techniques to increase the expression of Acry_3030 (poly-β-hydroxybutyrate polymerase) or decrease the expression of Acry_2759 (polyhydroxyalkanoate depolymerase) since there are no side pathways to polymerize or depolymerize P3HB, a task that may be addressed by synthetic biology of extremophiles (Ye et al., 2023).

The accumulation of P3HB and the expression of genes related to P3HB synthesis, CO2 fixation, and sulfur metabolism were studied in media containing glucose, elemental sulfur and mixtures of both substrates (Xu et al., 2013). The values of P3HB accumulated at the stationary phase are atypical when compared to other studies because, in most cases, they are higher than the values attainable by the initial concentration of glucose, being these results attributed to fixation of atmospheric CO2 through the Calvin cycle (Li et al., 2020). The highest overexpression of genes related to CO2 fixation was detected in the culture performed in medium containing glucose 1 g/L and elemental sulfur 5 g/L, a condition that produced 6.2 g/L of P3HB at the stationary phase. On the other hand, the highest overexpression of genes related to P3HB accumulation was observed in media containing 5 g/L of sulfur and 5 or 10 g/L of glucose, conditions that yielded the highest P3HB accumulations reported in this work, 8.3 or 14.1 g/L of P3HB at the stationary phase, respectively. Although these results seem promising for obtaining an efficient process for transforming CO2 into bioplastics (Kajla et al., 2022), to the best of our knowledge there are no subsequent studies using media containing sulfur and other organic compounds/residues, or addressing the up-scaling of this process.

Polyhydroxyalkanoates are not the only polymers synthesized by extremophiles. Nicolaus et al. (1993) showed that Sulfolobus solfataricus MT3 and MT4 synthesize a soluble exopolysaccharide when grown at 75 and 88°C, respectively. The analysis performed on these exopolymers showed the presence of glucose, mannose, glucosamine, and galactose in proportion 1.2:1.0:0.77:0.73 and 1.2:1.0:0.18:0.13 for MT3 and MT4 strains, respectively. More recent studies used lectin staining to show the presence of galactose, glucosamine and mannose/glucose residues in the extracellular polysaccharide synthesized by attached cells of S. solfataricus, Sulfolobus tokodaii and Sulfolobus acidocalcarius (Koerdt et al., 2010; Zolghadr et al., 2010). Acidiphilium sp. also produces bound EPS mainly consisting of proteins and carbohydrates where Fe(III) can be sorbed (Tapia et al., 2009, 2011), whereas A. cryptum Lhet 2 generates soluble EPS which analysis showed the presence of mannose, rhamnose, and glucose in a proportion near to 3.2:2.3:1 (González et al., 2023).



3.3 Microbial electrochemical systems

Microbial electrochemical systems are devices where microorganism mediate electrochemical reactions by exchanging electrons with an electrode through direct or indirect mechanisms (Chaudhary et al., 2022). The acidophilic bacterium Acidiphilium cryptum Lhet2 has been used for electricity generation in a microbial fuel cell operating at low pH (≤4.0) (Borole et al., 2008). The presence of dissolved iron in the medium enables the current generation. However, supplementation with a chelating agent (nitrilotriacetic acid) and an electron shuttle (phenosafranin) led to a higher steady-state voltage output. Although the maximum power density obtained (12.6 mW/m2) was low when compared to the maximum known values (5.61–7.72 W/m2) (Slate et al., 2019; Ren, 2021), the utilization of a acidophilic strain in optimized systems (e.g., miniaturized devices) may prevent the anode acidification; a phenomenon that inhibits the microbial activity by accumulation of hydrogen ions (Obileke et al., 2021).

Acidiphilium sp. strain 3.2 Sup 5 has also been reported to be an electrogenic strain able to produce currents between 2.0 and 3.0 A/m2 when degrading glucose at pH 2.5 (Malki et al., 2008). In this study, the current was reduced by ~25% when the colonized electrode was moved to a new glucose solution free of cells, thereby indicating that the attached cells are mainly responsible for the stablished current. Nonetheless, this bioanode seems to be highly resilient to oxygen infiltration in the anodic chamber because polarization curves obtained in the absence and presence of dissolved oxygen (6.2 ppm) were similar. The draft genome of a third electroactive bacteria belonging to the Acidiphilium genus has also been reported (San Martin-Uriz et al., 2011). Malki et al. (2008) suggested that the mechanism for electron transfer is via redox proteins allocated on the bacterial membrane or via excreted redox compounds. However, a more recent study reported that Acidiphilium cryptum JF-5 can form extracellular appendages, although the electrical conductivity of these appendages was not tested (González et al., 2018).

Previous studies have examined mesophilic electrogenic microorganisms, but only recently a thermophilic electrogenic bacteria phylogenetically related to Alicyclobacillus hesperidum was isolated from a microbial fuel cell (Zhang et al., 2021). This bacterium was able to grow at pH 3.0 and 50°C generating a maximum power density of 188.1 mW/m2. The authors proposed the self-excretion of soluble redox-active small molecules, such as quinones, as the mechanism for electron transfer for this bacterium. Few studies have addressed the electrochemical properties of acidophilic heterotrophs, but we speculate that there are probably several other electroactive microorganisms able to proliferate under similar conditions. Our assumption is based on the facts that (i) almost all organisms that can catabolically reduce ferric iron are also able to reduce an anode surface (Richter et al., 2012), and (ii) dissimilatory iron reduction is a widespread ability among acidophilic heterotrophic microorganisms (Coupland and Johnson, 2008).



3.4 Extremozymes

Extremozymes are enzymes obtained from extremophiles that can be used to catalyze reactions under extreme conditions, owing the prevalence of acidic amino acids on the protein surface (Samanta et al., 2022). Since intracellular enzymes of acidophiles operate at circumneutral pH (Baker-Austin and Dopson, 2007), it may be expected that only extracellular enzymes are resistant to low pH. However, several studies have reported that certain intracellular enzymes are capable of operating at extremely low pH (Golyshina et al., 2006). Extremozymes of interest that are tolerant to low pH include amylases, glucoamylases, xylanases, cellulases, proteases, and oxidases. These extremozymes may be useful in biofuel production, food mining, starch processing, desulfurization of coal, valuable metal recovery, and feed component (Samanta et al., 2022).

Several polysaccharide-degrading enzymes (e.g., α- and β-glucosidase, endoglucanase, and mannanase) have been isolated from acidophiles. For example, She et al. (2001) sequenced the genome of Sulfolobus solfataricus and found three genes encoding potentially secreted endo-β-glucanases (sso1354, sso1949, and sso2534). Later studies showed that the endo-β-glucanase Sso2534 is active at pH 5.8, the protein Sso1354 works optimally at pH lower than 4.5, and the protein Sso1949 has optimum conditions at pH 1.8 and 80°C (Limauro et al., 2001; Huang et al., 2005; Girfoglio et al., 2012; Lalithambika et al., 2012). In addition, the endoglucanase CelA4 produced by Alicyclobacillus sp. works optimally at 65°C and pH 2.6, being stable over a wide pH range (1.8–7.6) and resistant to acidic and neutral proteases (Bai et al., 2010). Boyce and Walsh (2018) showed that Sulfolobus shibatae produces an endo-1,4-β-glucanase which has its maximum activity at 95–100°C and pH in the range 3.0–5.0. This enzyme was able to hydrolyze barley β-glucan, lichenin, CMC, and xylan.

Three intracellular α-glucosidases of Ferroplasma acidiphilum exhibit no similarity to other glycosyl hydrolases (Golyshina et al., 2006). The optimal temperature for these enzymes is 60°C and their optimal pH is in the range 2.0–4.0, values significantly lower than the intracellular pH (5.6). On the other hand, Sulfolobus acidocaldarius produces a β-glucosidase belonging to the GH1 family (Park et al., 2010). This enzyme operates optimally at pH 5.5 and 90°C, although its half-life increases from 0.2 to 494 h when the temperature decreases from 90 to 70°C. Mannanases of microbial origin are mainly secreted extracellularly, although intracellular mannanases are produced by few bacteria (e.g., Alicyclobacillus acidocaldarius). The endo-β-1,4-mannanase produced by this acidophile has significant transglycosylation activity and relatively low hydrolytic activity, working optimally at pH 5.5 and 65°C (Zhang et al., 2008).

A recent study isolated carboxylesterases from the microbial community inhabiting an acid mine drainage (pH ~2) (Vidal et al., 2022). In this work, 16 esterases were identified in microorganisms belonging to the genera Acidithrix, Acidimicrobium/Ferrimicrobium and Acidiphilium, among others, being 10 of them successfully expressed in E. coli. The results showed that optimal pH and temperature were in the ranges 7.0–9.0 and 30–65°C, respectively, although at pH 5.5 the enzymes retained 33–68% of their activity. Six of these hydrolases showed efficient degradation of acrylic- and terephthalic-like esters, which may be relevant for degradation of plastics. Esterases of Ferroplasma acidiphilum (Golyshina et al., 2006) and Acidiphilium sp. (Isobe and Wakao, 1996) have also been reported. The former exhibits excellent activity near pH 2 despite being intracellularly located, whereas the latter, located both in cells and culture supernatant, is active at pH 4.0–5.0 hydrolyzing Tween 80. Other enzymes can also be obtained from this microbial group, having as example the histidine ammonia lyase from Thermoplasma acidophilum which was used to implement a microreactor able to operate at pH 2.8 (Ade et al., 2022). Additionally, Ortiz-Cortés et al. (2021) showed the presence of β-galactosidase, cellulase, lipase, xylanase, and protease activities in the cell-free medium obtained after culturing Alicyclobacillus sp. at pH 3 and 5, while Micciche et al. (2020) identified mercury and arsenic reductases in some Acidiphilium strains.




4 Concluding remarks and future perspectives

While autotrophic acidophiles, like Acidithiobacillus ferrooxidans, have played pivotal roles in the understating of life at low pH and some bioprocesses, heterotrophic and mixotrophic acidophiles have been significantly less studied. Notwithstanding, by conducting an extensive literature review, this work presented an integrative view of the basic metabolic and culture aspects of heterotrophic acidophiles. These traits lay at the core of the development of technological applications, including biomining, bioremediation, and fermentation processes aimed at biopolymers production, microbial electrochemical systems, and the potential use of extremozymes.

Although acidophiles capable of utilizing organic matter may be relevant to establish new or optimized mining processes, special attention should be paid into (i) the proliferation of undesired microorganisms in liquid media and (ii) the availability and price of required organic matter. Despite sterilization of base metal ores is probably unfeasible from an economic point of view, some strains (e.g., Acidithiobacillus ferrooxidans) or microbial groups (e.g., iron and sulfur oxidizing chemolithoautotrophs) may be inhibited by organic compounds (Määttä et al., 2022), or by controlling the osmotic pressure and concentration of certain ions (Harahuc et al., 2000). On the other hand, problems related to the availability and price of organic matter may be confronted using cheap and locally available organic substrates, having as example the domestic effluent used by Magowo et al. (2020) to drive sulfate reduction in an acid mine drainage.

Acidophilic heterotrophs also constitute a good option to establish robust fermentation processes as the culture proceeds self-protected by the low pH (Chen and Jiang, 2018). Regarding production of PHAs, significant accumulations have been reported at high salinity and extreme temperatures (Koller, 2017), but acidophiles have been not extensively studied for this purpose. Hence, more studies aimed to modify their metabolism and optimize culture parameters will be required to achieve large efficiencies. Finally, the utilization of acidophilic heterotrophs in microbial electrochemical systems and identification of useful extremozymes on them are fields even newer or less explored than those previously reported. Hence, probably bioinformatics and synthetic biology will be valuable tools to harness their potential.
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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.
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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.
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Previous studies have reported the role of some species of acidophilic bacteria in accelerating the dissolution of goethite under aerobic and anaerobic conditions. This has relevance for environments impacted by acid mine drainage and for the potential bioleaching of limonitic laterite ores. In this study, natural well-characterized goethite mineral samples and synthetic goethite were used in aerobic and anaerobic laboratory batch culture incubation experiments with ferric iron-reducing, acidophilic bacteria, including the lithoautotrophic species Acidithiobacillus (At.) thiooxidans, At. ferrooxidans, and At. caldus, as well as two strains of the organoheterotrophic species Acidiphilium cryptum. All bacteria remained alive throughout the experiments and efficiently reduced soluble ferric iron in solution in positive control assays. However, goethite dissolution was low to negligible in all experimental assays with natural goethite, while some dissolution occurred with synthetic goethite in agreement with previous publications. The results indicate that ferric iron-reducing microbial activity at low pH is less relevant for goethite dissolution than the oxidation of elemental sulfur to sulfuric acid. Microbial ferric iron reduction enhances but does not initiate goethite dissolution in very acidic liquors.
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1 Introduction

Goethite is one of the most frequently occurring iron(hydr)oxide minerals in the environment (Cornell and Schwertmann, 2003). Its formation and dissolution are related to biogeochemical redox processes, and the role of microorganisms in these processes has been extensively studied in environments with circumneutral pH such as soils and sediments. Published findings indicate that neutrophilic ferric iron-reducing bacteria such as Shewanella or Geobacter are able to produce significant quantities of ferrous iron in anaerobic soil and subsurface environments, where crystalline ferric iron oxides such as goethite are available for microbial reduction (Roden and Zachara, 1996; Bousserrhine et al., 1999; Roden and Urrutia, 2002; Zhang et al., 2020; Kappler et al., 2021).

Microbial ferric iron reduction has also been described for environments with low pH (Johnson et al., 1993, 2012; Küsel et al., 2002; Blöthe et al., 2008). Ferric iron reduction by acidophilic bacteria and archaea has recently been reviewed by Malik and Hedrich (2022). The first evidence that acidophilic bacteria posses the ability to reduce ferric iron under aerobic and anaerobic conditions was reported by Brock and Gustafson (1976). They showed that Acidithiobacillus (At.) ferrooxidans can couple sulfur oxidation with ferric iron reduction under anaerobic conditions and that the sulfur-oxidizer At. thiooxidans is able to reduce ferric iron during sulfur oxidation under aerobic conditions. Under anaerobic or microaerobic conditions, At. ferrooxidans uses ferric iron as a terminal acceptor of electrons in the respiratory chain instead of oxygen (Pronk and Johnson, 1992; Malik and Hedrich, 2022), but the mechanism of ferric iron reduction under aerobic conditions with At. thiooxidans is not clear. Most likely, it is a chemical reaction between ferric iron and reduced inorganic sulfur compounds such as hydrogen sulfide, generated during the bacterial oxidation of elemental sulfur to sulfuric acid (Breuker and Schippers, 2024).

Johnson and McGinness (1991) demonstrated that many strains of acidophilic heterotrophs can reduce ferric iron to some extent under aerobic conditions. Bridge and Johnson (2000) reported that the acidophilic heterotrophic bacterium Acidiphilium cryptum SJH can reduce ferric iron under anaerobic conditions and promote the dissolution of synthetic goethite, although the final concentrations of soluble iron in goethite dissolution experiments were very low. No dissolution of hematite was observed. Hallberg et al. (2011) and du Plessis et al. (2011) suggested that the ability of At. ferrooxidans to reduce ferric iron under anaerobic conditions could be exploited to enhance and accelerate the extraction of nickel and cobalt from limonitic nickel laterites in a reductive bioleaching process in which ferric iron reduction (and generation of acidity) is coupled to the oxidation of added elemental sulfur. Since the process is net-consumptive of protons, additional inputs of acidity for the critical primary reaction (acid dissolution of the minerals within which nickel and cobalt were deported) are required (Johnson and du Plessis, 2015; Johnson et al., 2021; Santos and Schippers, 2023). Laterites are supergene ore bodies that host about 70% of global nickel reserves (Stanković et al., 2020). Limonitic laterites constitute of iron oxide minerals. Goethite is usually the dominant mineral in limonites and hosts the majority of nickel. This metal is “locked” in the crystal lattice of goethite, where it substitutes iron atoms. Extensive research on bacterial dissolution of laterites in bioreactors has been conducted as reviewed by Roberto and Schippers (2022) and Santos and Schippers (2023). Stanković et al. (2022) carried out a detailed and comprehensive chemical and mineralogical characterization of original samples and bioleaching residues and showed that iron oxide phases (goethite, hematite) were almost intact after bioleaching experiments with sulfur-oxidizing bacteria under anaerobic as well as aerobic conditions. The authors concluded that the dissolution kinetics of iron oxide minerals depended on the concentration of sulfuric acid in solution.

The purpose of this study was to use natural well-characterized goethite mineral samples in addition to synthesized ones (Bridge and Johnson, 2000) and to test the ability of acidophilic bacteria to induce the dissolution of goethite under aerobic and anaerobic conditions in order to estimate the effect of a biological ferric iron reduction on the dissolution of goethite at low pH. If the dissolution of natural goethite depends on the ferric iron-reducing activity of organisms at low pH, this is very relevant for metal bioleaching of oxide ores such as limonitic laterites.



2 Materials and methods


2.1 Goethite samples

Three natural goethite mineral samples for the experiments were selected from the BGR mineral collection and analyzed as described elsewhere and briefly described below (Kaufhold et al., 2022; Stephan Kaufhold, personal communication). Goethite sample S018 originated from Conakry, Guinea; sample S337 was obtained from the Sasik mine in Pamir, Tajikistan; and sample S343 was taken from the Wolf mine in Herdorf, Germany. The samples were ground to a fine powder in a mortar and mineralogically analyzed. For all three samples, crystalline goethite (a-FeOOH) was confirmed as main mineral phase by X-ray diffraction (XRD) analysis with Rietveld refinement. Besides goethite, sample S018 contained some gibbsite (Al(OH3)), and sample S337 contained 1% lepidocrocite, while sample S343 consisted of pure goethite. The chemical composition was analyzed via XRF, and the results are shown in Table 1.



TABLE 1 Elemental composition of natural goethite samples (Kaufhold et al., 2022, personal communication).
[image: Table1]

Synthetic goethite was prepared as previously described (Atkinson et al., 1977; Lovley and Phillips, 1986; Bridge and Johnson, 2000), and the sample was stored for about 5 years (sample sG2). The synthesis was repeated just before starting the experiments to obtain a second synthetic goethite sample (sample sG1). Both samples were analyzed via XRD, infrared analysis (IR), differential thermal analysis (DTA), and the BET gas adsorption technique according to previous studies (Houben and Kaufhold, 2011; Kaufhold et al., 2022). All methods detected goethite as the main mineral phase. The BET data (Table 2) showed a much higher specific surface area for the synthetic than for the natural goethite samples, which indicates a lower crystallinity of the synthetic goethite and the presence of ferrihydrite, while the natural goethite samples were well crystalline (Kaufhold et al., 2022).



TABLE 2 BET data of the specific surface area (m2 g−1) of the goethite samples.
[image: Table2]



2.2 Acidophilic bacteria

Acidophilic, chemolithoautotrophic, and chemoorganoheterotrophic bacteria were taken from the BGR culture collection. The autotrophic species Acidithiobacillus (At.) thiooxidans DSM 14887T, At. ferrooxidans DSM 14882T, and At. caldus DSM 8584T were cultivated in basal salts medium at pH 2 supplemented with trace elements (HBS-TE, Wakeman et al., 2008) and 1% elemental sulfur or 25 mM ferrous sulfate in case of At. ferrooxidans. All organisms were grown in sterile medium aerobically on a shaker at 30°C besides At. caldus at 45°C.

Two strains of the heterotrophic species Acidiphilium (A.) cryptum (the type strain DSM 2389T and strain SJH; Bridge and Johnson, 2000) were grown under aerobic conditions in a medium with the following concentrations (g/L) of components: (NH4)2SO4, 0.15; MgSO4, 0.50; KCl, 0.05; KH2PO4, 0.05; Ca(NO3)2, 0.01, and yeast extract, 0.2. Glycerol (10 mM) was added as carbon and energy source; 25 mM soluble ferric sulfate was added; and the medium was adjusted to pH 2.0 with 25% (v/v) sulfuric acid. The bacteria were incubated in sterile medium at 30°C, not shaken (Bridge and Johnson, 2000).



2.3 Goethite dissolution experiments

Three series of experiments were carried out. Only a small amount of goethite samples was obtained from the BGR mineral collection. Sample S343 was used up for series 1 experiments; thus, two other goethite samples were used for further experiments.

Series 1: At. thiooxidans and At. caldus with goethite sample S343 each, aerobic.

Series 2: At. ferrooxidans with goethite samples S018 and S337 each, anaerobic.

Series 3: A.cryptum with goethite samples S018 and S337 each, anaerobic.

Series 4: A.cryptum with goethite sample S337, and the two synthetic goethite samples each, anaerobic.

Regularly, liquid samples were taken from all experimental assays and analyzed with electrodes for pH and redox potential vs. Ag/AgCl reference in a glass (combination) electrode. Ferrous and ferric iron concentrations were measured in 0.2 μm-filtered samples using the Ferrozine assay (Lovley and Phillips, 1986). Cells were counted using a counting chamber under a phase-contrast microscope at 630x magnification.

Series 1: At. thiooxidans and At. caldus were first cultivated in HBS-TE medium at initial pH 3 supplied with 1 g/L of elemental sulfur (S0) each. After 10 days of cultivation, the bacterial cultures were used as inoculum (10% v/v). Three flasks containing 0.5% w/v of fine-grained S343 goethite sample and 1 g/L of S0 were inoculated with an At. thiooxidans culture and put on an orbital shaker with 120 rpm at 30°C. Three shake flasks with goethite sample were inoculated with At. caldus and cultivated at a temperature of 45°C. Negative controls were abiotic assays without cell inoculation in duplicates at 30°C and 45°C. The duration of the experiment was five weeks.

Series 2: At. ferrooxidans was first cultivated under anaerobic conditions in HBS/TE pH 2 with 25 mM ferric sulfate and 1 g/L S0 in gas-tight flasks with a N2/CO2 (80%/20%, v/v) gas mixture at 30°C (not shaken). After 18 days, the ferric iron-reducing cells served as inoculum (10% v/v) for the goethite dissolution experimental assays in anaerobic, gas-tight flasks. These contained as the pre-culture HBS/TE at pH 2 and 1 g/L S0 with a N2/CO2 gas mixture at 30°C (not shaken). Either 0.1 g (0.5% w/v) fine-grained goethite (S018 or S337) or 25 mM ferric sulfate as positive control was added as well as At. ferrooxidans cells. Negative controls were abiotic assays without cell inoculation. All assays run as triplicates.

At the end of the experiment after 44 days, fresh HBS medium pH 2.0 with 25 mM ferrous sulfate was inoculated from each assay and aerobically cultivated on a shaker as well as under anaerobic conditions with sulfur and ferric iron as described above to test for viability of At. ferrooxidans. For all aerobic biotic assays, the ferrous iron was completely oxidized to ferric iron within one week, while the ferrous iron concentration was almost not changed in the abiotic assays. Under anaerobic conditions, the ferric iron was almost completely reduced to ferrous iron in all biotic assay, while no ferrous iron was detected in the abiotic assays. This means that cells were viable in all biotic assay, while the abiotic assay remained sterile throughout the experiment.

Series 3: The experiments were designed according to Bridge and Johnson (2000). The two Acidiphilium cryptum strains were cultivated with the medium as described above under aerobic conditions in flasks at 30°C (not shaken). After five days, the ferric iron-reducing cells were concentrated via centrifugation, washed twice with medium, then re-suspended in medium in an anaerobic chamber, and used as inoculum (10% v/v) for the goethite dissolution experimental assays in anaerobic flasks. These contained as the pre-culture medium with glycerol at 30°C (not shaken). Either 0.1 g (0.5% w/v) fine-grained goethite (S018 or S337) or 25 mM ferric sulfate as positive control was added, as well as cells. Negative controls were abiotic assays without cell inoculation. All assays run as triplicates.

At the end of the experiment after 42 days, fresh medium was inoculated from each biotic assay and aerobically cultivated on a shaker for nine days. Cell growth was then inspected via phase contrast light microscopy, and cells were always visible which means that cells were viable in all biotic assay throughout the experiment.

Series 4: The experiments were conducted as described for series 3 but with the two synthetic goethite samples and only one natural goethite S337. This experiment was conducted for 33 days. To confirm the results, the experiment was repeated and conducted for 13 days.




3 Results


3.1 Goethite dissolution with sulfur-oxidizing acidophiles (Acidithiobacillus spp.) under aerobic conditions (series 1)

Changes of pH, ferrous iron, and total iron concentrations during the experiment are presented in Figure 1. The pH strongly decreased in the biotic assays, while only a slight decrease was observed for the not inoculated, abiotic control assays. The final pH value in flasks inoculated with At. thiooxidans was 1.2, and in flask inoculated with At. caldus, it was 1.0. Ferrous iron and total iron concentrations steadily increased for the biotic assays but remained very low for the abiotic assays. At the end of the experiment, the mean total iron concentrations in flasks inoculated with At. thiooxidans and At. caldus were 1.9 mM and 3.8 mM, respectively, and total iron concentrations in control flasks at 30°C and 45°C were 0.08 mM and 0.3 mM, respectively. The mean ferrous iron fraction of the total iron concentration at the end of the experiment was 54 ± 4.45% in flasks inoculated with At. thiooxidans and 34 ± 2.25% in flasks inoculated with At. caldus.

[image: Figure 1]

FIGURE 1
 Changes of pH (A) ferrous iron concentration (B) total iron concentration (C) and total iron extraction (D) for the aerobic goethite S343 dissolution experiment with At. thiooxidans at 30°C and At. caldus at 45°C as well as for the not inoculated, abiotic control assays at the same temperature, respectively, C30 and C45. Mean values and standard deviation for three parallel assays are shown each.


Figure 2 shows the relationship and correlation coefficients between total iron extraction and concentration of protons in the solution, calculated from pH values for the biotic assays.

[image: Figure 2]

FIGURE 2
 Correlation between extracted iron and proton concentration during goethite dissolution experiments in inoculated flasks with At. caldus (blue) and At. thiooxidans (yellow).




3.2 Goethite dissolution with At. ferrooxidans under anaerobic conditions (series 2)

After seven days of experimental time, the pH of the inoculated positive control flasks with 25 mM ferric iron (Fe(III) Af) dropped to 1.7, indicating microbial activity. The pH of the solution in inoculated flask with the S018 goethite sample slightly decreased (S018 Af), and the pH in flasks with the S337 sample (S337 AF) slightly increased (Figure 3A). As a result of ferric iron reduction, the redox potential decreased in all inoculated assays in comparison with uninoculated controls (Figure 3B).

[image: Figure 3]

FIGURE 3
 Changes of pH (A) and redox potential vs. Ag/AgCl (B) of the solutions during the anaerobic goethite dissolution experiment with At. ferrooxidans. Fe(III) control—not inoculated flasks with 25 mM ferric iron, Fe(III) Af—inoculated positive control with 25 mM ferric iron, S018 control—not inoculated control with S018 goethite sample, S018 Af—inoculated flasks with S018 goethite sample, S337 control—not inoculated control with S337 goethite sample, S337 Af—inoculated flasks with S337 goethite sample. Presented data are mean values of three independent experiments with standard deviations.


In the inoculated positive control assays with 25 mM ferric iron, all ferric iron was reduced to ferrous iron, confirming ferric iron-reducing microbial activity. In inoculated flasks with goethite, some iron extraction occurred, and all extracted iron was reduced to ferrous iron (Figure 4). In comparison with the uninoculated control assays, iron extraction in inoculated samples was somehow higher (Figure 5).

[image: Figure 4]

FIGURE 4
 Changes in concentrations of ferrous (A) and ferric iron (B) in the solutions during the anaerobic goethite dissolution experiment with At. ferrooxidans. Fe(III) control—not inoculated flask with 25 mM ferric iron, Fe(III) Af—inoculated positive control with 25 mM ferric iron, S018 control—not inoculated control with S018 goethite sample, S018 Af—inoculated flask with S018 goethite sample, S337 control—not inoculated control with S337 goethite sample, S337 Af—inoculated flask with S337 goethite sample.


[image: Figure 5]

FIGURE 5
 Total iron extraction after the anaerobic goethite dissolution experiment with At. ferrooxidans and the two goethite samples S018 and S337.




3.3 Goethite dissolution with heterotrophic acidophiles (Acidiphilium cryptum) (series 3)

In the inoculated positive control flasks with 25 mM ferric iron, both Acidiphilium cryptum strains (SJH and DSM 2389T) were able to reduce ferric to ferrous iron and to decrease the pH of the solution (Figure 6A) confirming ferric iron-reducing microbial activity. The redox potential only remained high in the chemical Fe(III) control assays (Figure 6B). Overall, the amount of extracted iron from inoculated flasks with the natural goethite samples was negligible (Figure 7), and there was no significant difference in iron extraction between inoculated and uninoculated flasks with goethite samples.
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FIGURE 6
 Changes in pH (A) and redox potential vs. Ag/AgCl (B) of the solutions during the anaerobic goethite dissolution experiment with the Acidiphilium cryptum strains SJH and DSM 2389T and the two goethite samples S018 and S337. Fe(III) control—not inoculated control with 25 mM ferric iron, Fe(III) SJH inoculated control with A. cryptum SJH and 25 mM ferric iron, Fe(III) 2389 inoculated control with A. cryptum DSM 2389T and 25 mM ferric iron, S018 control—not inoculated control with S018 goethite sample, S018 SJH—inoculated flask with A. cryptum SJH and S018 sample, S018 2389 inoculated flask with A. cryptum DSM 2389T and S018 sample, S337 control—not inoculated control with S337 goethite sample, S337 SJH—inoculated flask with A. cryptum SJH and S337 sample, S337 2389— inoculated flask with A. cryptum DSM 2389T and S337 sample.
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FIGURE 7
 Changes in ferrous (A) and ferric (B) iron concentrations during the anaerobic goethite dissolution experiment with the Acidiphilium cryptum strains SJH and DSM 2389T and the two goethite samples S018 and S337. Fe(III) control—not inoculated control with 25 mM ferric iron, Fe(III) SJH inoculated control with A. cryptum SJH and 25 mM ferric iron, Fe(III) 2389 inoculated control with A. cryptum DSM 2389T and 25 mM ferric iron, S018 control—not inoculated control with S018 goethite sample, S018 SJH—inoculated flask with A. cryptum SJH and S018 sample, S018 2389 inoculated flask with A. cryptum DSM 2389T and S018 sample, S337 control—not inoculated control with S337 goethite sample, S337 SJH—inoculated flask with Acidiphilium SJH and S337 sample, S337 2389—inoculated flask with A. cryptum DSM 2389T and S337 sample.




3.4 Goethite dissolution with heterotrophic acidophiles (Acidiphilium cryptum) including synthetic goethite (series 4)

In contrast to the natural goethite (S337), for which mineral dissolution was not detectable, iron dissolution was detectable over 33 days for one of the two synthetic goethite samples (Figure 8). A comparison of total iron extraction after the two anaerobic goethite dissolution experiments running for 33 days and 42 days, respectively, with two natural and synthetic goethite samples each are shown in Figure 9.
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FIGURE 8
 Changes in total iron concentrations during the second anaerobic goethite dissolution experiment with the Acidiphilium cryptum strains SJH and DSM 2389T, the natural goethite (nG) sample S337, and two synthetic goethite samples (sG1 and sG2).
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FIGURE 9
 Total iron extraction after two anaerobic goethite dissolution experiments running for 33 days and 42 days, respectively, with the Acidiphilium cryptum strains SJH and DSM 2389 T and the natural goethite (nG) samples S018 and S337 (blue) and two synthetic goethite samples (sG1 and sG2) (red).





4 Discussion

In this study, natural well-characterized goethite mineral samples and synthetic goethite were used in aerobic and anaerobic laboratory batch culture incubation experiments with ferric iron-reducing, acidophilic bacteria, including the lithoautotrophic species Acidithiobacillus thiooxidans, At. ferrooxidans, and At. caldus, as well as the organoheterotrophic species Acidiphilium cryptum. All bacteria remained alive throughout the experiments and efficiently reduced soluble ferric iron in solution in positive control assays. While the sulfur-oxidizing Acidithiobacillus species showed some dissolution of natural goethite under anaerobic as well as aerobic conditions reflected by higher soluble iron concentrations than in the abiotic control assays, there was no detectable dissolution of natural goethite with the organoheterotrophic A. cryptum. In contrast, in A. cryptum assays with synthetic goethite, ferric iron reduction was measurable in agreement with previous findings (Bridge and Johnson, 1998, 2000). However, synthetic goethite contains the much easier dissolvable ferrihydrite as the precursor mineral in the goethite formation process being hardly detectable via XRD. The presence of ferrihydrite in the synthetic goethite samples was revealed by the higher specific surface area than that for natural goethite (Table 2; Houben and Kaufhold, 2011; Kaufhold et al., 2022). Thus, there is limited relevance of the experiments with synthetic goethite for exploring the dissolution behavior of natural goethite. Goethite dissolution by acidophilic bacteria might be based on three processes (Johnson et al., 2021; Vera et al., 2022):

1. Microbial acid generation via sulfur or organic carbon oxidation, leading to protonation of goethite (Pyzik and Sommer, 1981; Wieland et al., 1988; Schwertmann, 1991; Cornell and Schwertmann, 2003; McDonald and Whittington, 2008; Senanayake et al., 2011; Klyukin et al., 2018)

2. Microbial ferric iron reduction coupled to sulfur or organic carbon oxidation, shifting the equilibrium between goethite solid-phase and soluble ferric iron (Bridge and Johnson, 2000; Hallberg et al., 2011) with likely less relevance due to the very low solubility product of goethite (Schwertmann, 1991), which requires protonation for breaking Fe − O bonds for mineral dissolution (Klyukin et al., 2018)

In the case of acidophilic sulfur-oxidizers (Acidithiobacillus) as well as acidophilic organoheterotrophs (Acidiphilium), both processes occur simultaneously and can be described by these equations (Pronk et al., 1991; Schwertmann, 1991; Coupland and Johnson, 2008):
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Reactions 2, 3 are dependent on Reaction 1, i.e., acid dissolution of goethite, to generate soluble ferric iron and do not work in isolation. Considering that the goethite solubility is a function of pH and several orders of magnitude higher at pH 2 than at pH 7 (Cornell and Schwertmann, 2003), the relevance of microbial ferric iron reduction for goethite dissolution is much higher for neutrophilic bacteria than for acidophiles, meaning that the ferric iron-reducing activity of acidophiles is likely superimposed by protonation of goethite. Microbial ferric iron reduction enhances but does not initiate goethite dissolution in very acidic liquors.

There is a third mechanism based on chemical reduction of goethite (Pyzik and Sommer, 1981; Schwertmann, 1991; Klyukin et al., 2018):

[image: image]

A chemical reduction of the solid phase ferric iron might occur during microbial sulfur oxidation by releasing reducing inorganic sulfur compounds such as hydrogen sulfide (Osorio et al., 2013; Breuker and Schippers, 2024), delivering the electrons by their oxidation according to the following equation as one possibility (Pyzik and Sommer, 1981; Morse et al., 1987):
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However, according to Eqs. 4, 5, the reduction goes along with proton consumption (acid dissolution) as well; thus, all three mechanisms occur simultaneously, and reducing inorganic sulfur compounds would also chemically reduce soluble ferric iron to ferrous iron, making it impossible to distinguish this process from dissimilatory ferric iron reduction by just measuring changes of ferric or ferrous iron concentrations over time. Based on this overall considerations, the particular results of our study are discussed in the following.

During the aerobic natural goethite dissolution experiment with sulfur-oxidizing acidophiles At. thiooxidans and At. caldus (series 1), the pH of the solution with goethite samples dropped to approximately 1 due to the biogenic production of sulfuric acid, and substantial amounts of ferrous iron were produced. In order to determine whether goethite dissolution (i.e., iron extraction) was a function of the acid concentration, correlation coefficients between iron extraction and concentration of protons (H+ ions) were calculated. High correlation coefficients between total iron extraction and proton concentration in flasks inoculated with At. thiooxidans (r2 = 0.93) and At. caldus (r2 = 0.97) strongly indicate that dissolution of goethite was mainly a result of acid dissolution. However, during oxidation of elemental sulfur by these acidophilic sulfur-oxidizers, hydrogen sulfide was detected as a sulfur compound intermediate (Breuker and Schippers, 2024). Such inorganic sulfur compounds would also reductively reduce iron(hydr)oxides (Schippers and Jørgensen, 2001; Johnson et al., 2021) not just reduce soluble ferric iron to ferrous iron. This means that the sulfur oxidation by Acidithiobacillus species provides both protons and reduced inorganic sulfur compounds, and both are contributing to goethite dissolution.

During the anaerobic natural goethite dissolution experiment with At. ferrooxidans, the amount of total iron extracted was significantly higher in inoculated flasks in comparison with not inoculated, abiotic controls. Oxidation of elemental sulfur under anaerobic conditions also produces hydrogen sulfide (Osorio et al., 2013) and sulfuric acid. The pH in the positive control inoculated flasks with 25 mM ferric iron dropped to 1.7, but in inoculated flasks with goethite samples, the pH remained around a value of 2 during the experiment. This missing shift of pH can be explained by a relatively low efficiency of sulfur oxidation by At. ferrooxidans under anaerobic conditions in comparison with aerobic sulfur oxidation by At. thiooxidans and At. caldus—at pH 2 aerobic sulfur oxidation provides approximately 3.6 times more free energy in comparison with anaerobic sulfur oxidation and the population of aerobic sulfur oxidizers grows more rapidly in comparison with anaerobic growth of At. ferrooxidans on elemental sulfur (Brock and Gustafson, 1976).

The relatively low efficiency of sulfur oxidation by At. ferrooxidans combined with proton consumption by goethite dissolution was the most probable explanation for a pH buffering effect. Production of sulfuric acid by At. ferrooxidans caused goethite dissolution, but shifting the equilibrium between goethite solid-phase and soluble ferric iron due to dissimilatory ferric iron reduction might play only a minor role because of the dominance of goethite protonation for dissolution of the mineral at low pH (see above).

Experiments with the organoheterotrophic Acidiphilium species are most suitable for evaluation of a putative microbial reductive dissolution of goethite, since there is no interference of the strong sulfuric acid or hydrogen sulfide produced by bacterial sulfur oxidation. The slight drop in pH values of inoculated positive controls with 25 mM ferric iron is a consequence of production of protons during anaerobic oxidation of organic molecules, where ferric iron serves as an electron acceptor (Chemical Equation 2): in inoculated flasks with natural goethite, the pH remained around a value of 2 during the experiment due to the limited amount of electron acceptors (ferric iron) available for oxidation of organic electron donors, and consumption of protons in reaction with goethite (Chemical Equation 1). As mentioned above, there was no enhanced natural goethite dissolution by A. cryptum; thus, ferric iron activity alone does not enhance goethite dissolution.

Our additional experiments with synthetic goethite confirmed previous data (Bridge and Johnson, 2000). These authors demonstrated in similar experiments with Acidiphilium cryptum SJH the dissolution of a wide range of synthetic ferric iron–containing minerals such as akaganeite, jarosite, natrojarosite, and goethite as well as amorphous Fe(OH)3 (ferrihydrite), while hematite was not dissolved. The discrepancy between natural and synthetic goethite in our experiments could be explained by the different specific surface area of the mineral samples (Table 2) reflecting a higher crystallinity of the natural goethite vs. the synthetic goethite likely containing ferrihydrite. However, also metal substitution (Mn, Co, Cr, Al) for Fe in goethite affects the dissolution rate (Bousserrhine et al., 1999; Houben and Kaufhold, 2011; Kaufhold et al., 2022).



5 Conclusion

Natural goethite dissolution was low to negligible in all experimental assays, which argues for the minor role of acidophiles in this process in agreement with a recent study on laterite bioleaching including a thorough quantitative mineralogical analysis (Stanković et al., 2022). The results indicate that ferric iron-reducing microbial activity at low pH is not directly related to the goethite dissolution rate, which is rather a function of pH. Thus, oxidation of elemental sulfur to sulfuric acid by acidophiles is more relevant for goethite dissolution than dissimilatory ferric iron reduction (despite this is coupled to inorganic sulfur compound oxidation in case of anaerobic growth of At. ferrooxidans). Goethite dissolution by acidophilic bacteria that used elemental sulfur as an electron donor under aerobic (At. thiooxidans and At. caldus) and anaerobic conditions (At. ferrooxidans) is most likely a consequence of bacterial production of sulfuric acid and sulfur compound intermediates such as hydrogen sulfide probably serving as chemical reductant for goethite. In this study, there was no effect of ferric iron reduction by the organoheterotrophic Acidiphilium cryptum strains on natural goethite dissolution. The contribution of bacterial ferric iron reduction to dissolution of natural goethite at low pH was negligible because a potential goethite dissolution by shifting the equilibrium between goethite solid-phase and soluble ferric iron as a result of the ferric iron-reducing activity of acidophiles is likely superimposed by a more effective goethite dissolution due to protonation of the mineral at low pH. This finding negatively affects bioleaching of limonitic laterites, which contain goethite as the main mineral phase, incorporating a large proportion of the nickel in the ore. However, acid generation and release of inorganic sulfur compounds during sulfur oxidation by acidophiles are more relevant for goethite dissolution, and thus, bioleaching of limonitic laterites remains a viable process option.
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Iron and sulfur-oxidizing microorganisms play important roles in several natural and industrial processes. Leptospirillum (L.) ferriphilum, is an iron-oxidizing microorganism with a remarkable adaptability to thrive in extreme acidic environments, including heap bioleaching processes, acid mine drainage (AMD) and natural acidic water. A strain of L. ferriphilum (IESL25) was isolated from an industrial bioleaching process in northern Chile. This strain was challenged to grow at increasing concentrations of sulfate in order to assess changes in protein expression profiles, cells shape and to determine potential compatible solute molecules. The results unveiled changes in three proteins: succinyl CoA (SCoA) synthetase, isocitrate dehydrogenase (IDH) and aspartate semialdehyde dehydrogenase (ASD); which were notably overexpressed when the strain grew at elevated concentrations of sulfate. ASD plays a pivotal role in the synthesis of the compatible solute ectoine, which was identified along with hydroxyectoine by using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF). The relationship between IDH, SCoA, and ectoine production could be due to the TCA cycle, in which both enzymes produce metabolites that can be utilized as precursors or intermediates in the biosynthesis of ectoine. In addition, distinct filamentous cellular morphology in L. ferriphilum IESL25 was observed when growing under sulfate stress conditions. This study highlights a new insight into the possible cellular responses of L. ferriphilum under the presence of high sulfate levels, commonly found in bioleaching of sulfide minerals or AMD environments.
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GRAPHICAL ABSTRACT
 



1 Introduction

The osmotic strength in extremely acidic water bodies can vary in a wide range, mainly due to the concentration of dissolved inorganic solutes. Mine process water under acid-generating environments can contain up to hundreds grams of sulfate per liter, originated from the oxidative dissolution of pyrite and other sulfide minerals, which is catalyzed by species of acidophilic iron and sulfur-oxidizing microorganisms (Masindi et al., 2019; Rambabu et al., 2021; Hernández et al., 2022). Among the different anions, high concentrations of sulfate (from 110 to 760 g/L) have been detected in extremely acidic water bodies (pH from −3.60 to +1.51) including ponds and drainage streams within the abandoned Richmond mine at Iron Mountain, California (Nordstrom et al., 2000). A pond adjacent to a dump at the abandoned São Domingos copper mine in Portugal was reported to display seasonal changes in concentrations of sulfate (ranging between 14–570 g/L) and pH (between 0.13–2.55) (Ferreira et al., 2021). Extremophilic bacteria and archaea, including the iron-oxidizing autotroph Lesptospirillum ferriphilum and the iron-oxidizing heterotrophs Ferroplasma acidarmanus and Ferrimicrobium acidiphilum have been isolated from sites with high osmotic strengths and low pH environments (Hedrich and Schippers, 2020).

Similar conditions, combining extreme acidity and high osmotic strength can be found in heap bioleaching operations because of the dissolution of minerals under the extremely acidic and oxidizing conditions used to extract metals from sulfidic ores (Hedrich and Schippers, 2020). In addition, bioleaching operations located in desert areas optimize the usage of water by constantly recirculating the solutions in the industrial circuit and thus, increasing the concentration of inorganic compounds and therefore the osmotic strength.

Among all species of acidophilic prokaryotes identified in heap bioleaching operations, the most widely reported are members of Acidithiobacillus, Leptospirillum, Sulfobacillus, Ferroplasma and Acidiphilium genera (Demergasso et al., 2005; Rawlings and Johnson, 2007; Schippers et al., 2014; Jia et al., 2021). These species have shown different osmo-tolerance level to osmotic strength produced by increasing chloride ions, thus their tolerance to sodium chloride (halo-tolerance) varies widely, with some of the “primary” (iron-oxidizing autotrophic) species being far less tolerant to chloride that some sulfur-oxidizers and heterotrophic species (Boxall et al., 2017; Corbett et al., 2022). Previous studies have shown Leptospirillum spp. as one of the most abundant iron oxidizer species found in natural acidic environments and copper heap bioleaching processes, when sulfate reaches concentrations about 1.0 M or even higher (Demergasso et al., 2005; Diaby et al., 2007; Moreno-Paz et al., 2010; Boxall et al., 2017; Martínez et al., 2022); however, adaptation of Leptospirillum spp. to high osmotic potentials is poorly understood.

While extensive research has been conducted on the effects of sodium chloride and potassium chloride as models of salt; to our knowledge little attention has been given to the influence of elevated osmotic strength produced by sulfate on iron-oxidizing bacteria. This study aims to bridge this knowledge gap by investigating the cellular responses of the acidophilic iron oxidizing bacteria L. ferriphilum IESL25, isolated from an industrial heap bioleaching operation located in the Atacama Desert (northern Chile), when exposed to varying concentrations of sulfate, mimicking in part the evolution of the liquid phase in the heap industrial bioleaching process. Our comprehensive analysis encompasses assessments on cell growth, morphological changes, alterations in protein expression patterns, and the production of osmoprotectants. This research provides valuable insights into the cellular adaptations and stress responses under high sulfate concentrations, highlighting the implications in the bioleaching of sulfide minerals at industrial scale.



2 Materials and methods


2.1 Isolation of Lesptospirillum ferriphilum IESL25

L. ferriphilum strain IESL25 was isolated from an industrial bioheap process located in northern Chile. For this, pregnant leach solution (PLS, with 30 g/L sulfate concentration) containing microorganisms and dissolved copper from the heap ore was directly streaked onto iron overlay plates containing autotrophic basal salt, trace elements (ABS/TE); (Nancucheo et al., 2016) and ferrous iron incubated at 37°C for 15 days under oxic conditions, as previously described by Rawlings et al. (2007). After the incubation period, colonies with deposition of red-brownish coloration were transferred into corresponding liquid media containing 50 mM ferrous iron, supplemented with ABS/TE pH 1.7 and incubated under same conditions (37°C for 15 days). Liquid cultures were scaled up to 50 mL and DNA was extracted for PCR-cloning and sequencing of 16S rRNA gene by vector cloning, as described previously (Okibe et al., 2003). The resulting sequence data were visualized using Chromas Lite version 2.01 and compared with gene sequences deposited in NCBI GeneBank database,1 using the nucleotide BLAST tool. ARB software2 was used in order to determine phylogenetic affiliation of the strain based on 16S rRNA sequence (Supplementary Figure S2). The 16S rRNA gene sequence of L. ferriphilum IESL25 is available from NCBI nucleotide database (Accession Number HQ902070).



2.2 Growth of Lesptospirillum ferriphilum IESL25 at increasing concentrations of sulfate

L. ferriphilum IESL25 was grown in ABS/TE medium supplemented with increasing concentrations of magnesium sulfate (MgSO4∙7H2O, Merck) and using an inoculum equivalent to 5% of the total culture volume. Since the culture medium contains sulfate salts, total sulfates concentration was analyzed by analytical gravimetric analysis, yielding total sulfate contents of 8 g/L for the control and 40, 80, and 100 g/L for the experimental cultures. Bacterial growth was conducted in triplicate and followed by microscopy using a Neubauer cell counting chamber and a Leyca MDLS microscope equipped for fluorescence and contrast phase techniques. DAPI staining technique was also used for cells counting at the lag and early exponential growth phases. Iron oxidation by L. ferriphilum IESL25 during the growth experiments was determined by periodical titration of ferrous iron with potassium dichromate (Vogel, 1961).



2.3 Cell morphology by scanning electron microscopy

Cultures containing cells grown in the presence of 8 g/L (control) and 80 g/L of sulfate were first fixed in 4% (v/v) glutaraldehyde (Fluka). Then, one milliliter of culture containing fixed cell samples was filtered through 0.22 μm pore size polycarbonate filtration membranes (Millipore). The cells were dehydrated by immersing the filter membranes for one minute in ethanol at increasing concentrations (20, 40, 60, 80, and 100%). Subsequently, the filters were prepared for microscopic observation by standard procedures including CO2 critical drying and gold coating. Finally, the prepared filters were observed in a JEOL JSM 6360LV scanning electronic microscope, at acceleration voltages ranging from 10 to 20 kV.



2.4 Identification of compatible solutes using hypo-osmotic shock approach and matrix-assisted laser desorption/ionization-time of flight mass spectrometry

A matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF) equipment (Bruker Daltonics, Germany) was used to analyze small molecular weight compounds released by bacteria subjected to hypo-osmotic shock approach (HSA). Briefly, for hypoosmotic shock approach, cells from cultures grown at different osmotic strength were harvested by centrifugation and cells pellet was exposed to low osmotic strength by resuspending in 5.0 mL of acidified MilliQ-grade water (pH 1.7, adjusted with sulfuric acid) for 10 min at 37°C. Then, bacterial debris were removed by centrifugation and the supernatants were filtered through 0.2 μm pore-sized membranes obtaining the extract. Each Extract was later mixed either with TiO2 (10 mg/mL) or CsI (30 mg/mL) as matrix, in a 1:1 ratio and spotted onto a target plate MTP384 (Bruker Daltonics, Germany). The spectral peaks obtained from extracts control (8 g/L) and high sulfate culture (80 g/L) were compared to identify differential mass/charge peaks. Each differential peak detected was identified by comparing with those of known common organic osmolytes produced by prokaryotes.



2.5 Two-dimensional electrophoresis

Protein extracts were prepared from L. ferriphilum cells harvested at exponential phase of growth (8 and 80 g/L of sulfate), according to a modified methodology reported by Li et al. (2009). Cells were harvested by centrifugation (1 L culture, at 10,000 g, 20 min), the mass of each cell pellet was estimated after centrifugation using the weight of the empty microcentrifuge tube and the weight of the same tube containing the pellet. The tubes containing the pellets were subjected to sonication in ice bath (6 times, 60% amplitude, constant 30 s) in buffer UTCTEDP (6 M Urea, 2 M Thiourea; 4% CHAPS; 2% Trirón X-100; 40 mM Tris; 1 mM EDTA; 5 mM MgCl2; 60 mM DTT; 1 mM PMSF, Protease inhibitors Roche, cOmplete™, Mini Protease Inhibitor Cocktail and 100 mg/L DNAse I). Later, the salts were removed using purification centrifugal filters (Amicon Ultra-0.5, Millipore cat. UFC500308), followed by a double precipitation using 5% TCA/Acetone. Protein final concentration was determined by using PierceTM Coomassie plus kit (Thermo Fisher cat. 23236) or 2D Quant kit (Cytiva 80-6483-56).

For the isoelectric focusing (IEF), 17 cm Immobilized pH Gradient (IPG) strips with a non-linear pH range of 5–8 (Bio-Rad) were used. These strips were rehydrated overnight with protein samples previously extracted and quantified using a rehydration buffer [6 M Urea; 2 M thiourea; 4% CHAPS; 0.27% (v/v) ampholytes 3–10; 0.13% (v/v) ampholytes 5–8, and 0.001% (w/v)]. The IEF process involved the following steps: an initial voltage of 500 V for 1 h, followed by an increase to 1,000 V for another hour, with a gradual ramp-up to 8,000 V, maintaining this voltage for a total of 32,000 volt-hours. These procedures were carried out in a Bio-Rad system at a constant temperature of 20°C. Subsequently, the rehydrated strips were equilibrated first with 0.5% Dithiothreitol (DTT), followed by re-equilibration in a buffer containing 4.5% iodoacetamide, which replaced DTT. Each equilibration step took 20 min. The second-dimension electrophoresis was conducted at a constant voltage of 100 V for 18 h.

Delta 2D 4.0 imaging software (Decodon, Greifswald, Germany) was used to perform gel image densitometric analysis. To create a unified master gel, the acquired gel images were merged, and common spots were identified and adjusted across all images. Normalization was then carried out based on the total spot density. Statistical analysis was conducted using the Delta 2D-based student’s t-test to assess the significance and statistical variations in protein expression. A p-value less than 0.05 was considered to indicate statistical significance. Only those spots exhibiting a significant differential level between control and high sulfate concentration were selected for identification purposes. The selected spots were excised of the gel and separately placed in tubes previously washed with Methanol (Merck) or Acetonitrile (Merck) and washed twice for 10 min with 50% Acetonitrile/Water (v/v). The tubes containing gel pieces were stored at −20°C until they were submitted to liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analyses.



2.6 Protein identification by liquid chromatography coupled to tandem mass spectrometry

The partial prediction of the sequence of the proteins digested with trypsin was performed by LC-MS/MS with a 3D ion trap spectrometer (Thermo Electron). After the LC-MS/MS analyses, mass spectra were compared with the theoretical mass spectra against a Leptospirillum database using the SEQUEST program.3 Subsequently, the statistical program ProteinProphet4 was used for data filtering. This whole protein prediction procedure was performed at the Proteomic Services of the Cancer Center of the University of Maryland, United States, and is described in greater detail by Matthiesen and Bunkenborg (2020). Using the peptide sequences from each protein, a search was carried out with the NCBI BLASTp program (see text footnote 1) to identify the protein (Altschul et al., 1997). The Compute pI/Mw tool5 was used to obtain the theoretical isoelectric point and molecular size values.




3 Results and discussion


3.1 Isolation and 16S rRNA gene sequencing

After an incubation period (between 15–20 days), several colonies of autotrophic iron oxidizers (red-brownish colour and between 0.2–0.5 mm) were obtained by directly streaking PLS onto overlay plates (Figure 1A). Figure 1B shows a second stage where a single colony was transferred an overlay plate. The partial 16S rRNA sequence of the isolate has been identified and assigned the name L. ferriphilum IESL25. This sequence has been deposited in the NCBI GenBank nucleotide database (accession number HQ902070).
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FIGURE 1
 Autotrophic iron oxidized colonies growing onto overlay plates obtained from Minera Escondida copper bioleaching plant (A). Bacterial colonies of L. ferriphilum IESL 25 (B).




3.2 Growth of Leptospirillum ferriphilum at increasing concentrations of sulfate and collection of cells for proteomic analysis

The effect of increasing sulfate on culture growth of L. ferriphilum IESL25 is shown in Figure 2. Initially, the isolate was grown in ferrous iron-ABS/TE medium containing 8 g/L of sulfate concentration and 50 mM of ferrous iron, obtaining a culture doubling time of 10.8 h. In the presence of higher sulfate concentration, the culture growth profile was affected producing a longer lag phase with higher doubling times. The doubling times in the presence of 40 g/L, 80 g/L and 100 g/L of sulfate were 11.0 h, 13.5 h, and 14.2 h, respectively. For proteomic analyses, the cells were harvested in the exponential growth phase, at the point when 90% of ferrous iron was oxidized to obtain the highest number of active cells. The harvesting points (90% of oxidized Fe2+) occurred at approximately 40, 60, and 75 h for the control condition culture, and in the presence of 80 g/L and 100 g/L of sulfate, respectively.

[image: Figure 2]

FIGURE 2
 Growth curves of L. ferriphilum IESL 25 at different sulfate concentrations.


Based on the observations of growth profiles, it can be deduced that sulfate exerts a suppressive influence on the growth of L. ferriphilum IESL25 as the concentration increases. In the range of sulfate used in the experiments (8–100 g/L), the doubling time values increased following a linear correlation. In light of this information, it is evident that growth inhibition occurs, as indicated by a 24% increase in doubling time between the control condition and the highest sulfate concentration used in this study (100 g/L). Regarding industrial conditions, a previous report using acidophilic culture to recycle water from a low-grade ore heap process indicated between 110 and 130 g/L as the that the upper limits of tolerance by microorganisms to sulfate (Adaos, 2013).



3.3 Morphology of Leptospirillum ferriphilum ISL25 under control condition (8 g/L of sulfate) and osmotic stress (80 g/L)

As observed in the profiles, the total cells numbers at the end of the growth experiments decreased, as higher concentrations of sulfate were included in the culture medium (Figure 2). On the other hand, in the control condition (8 g/L), the cells showed average sizes of approximately 1 μm, meanwhile, in cultures growth at higher sulfate concentration (80 g/L), the average cell size was approximately 4 μm. These size differences were observed by contrast phase and scanning electron microscopy (SEM) (Figure 3).
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FIGURE 3
 Microphotographs obtained by scanning electron and contrast phase microscopy of L. ferriphilum IESL25 cultures grown at different sulfate concentrations, A,B,E grown at 8 g/L and C,D,F at 80 g/L of sulfate (red arrows indicate cells in contrast phase microphotographs).


Obtaining cells from the different conditions, at the same exponential growth phase point allows performing proteomic analyses of cells at similar physiological phase, to ensure the reproducibility of the results and validating the comparison of the effect of different concentrations of sulfate (Matthiesen and Bunkenborg, 2020). Previous studies have suggested that cells in the stationary growth phase are structurally, physiologically, and functionally different from those in the exponential growth phase (Bathke et al., 2019). However, it has been shown that genes expressed in response to osmotic shock could also be involved in adaptation to the stationary phase, thus when cells enter the stationary phase, the general metabolism is reorganized and reserve compounds such as polyphosphates accumulate and glycogen, in addition to osmolytes such as trehalose, glycine betaine, and other compatible solutes (Jakowec et al., 2023). The latter justifies the choice for cell collection point, during the exponential phase growth and the importance of not exceeding the time for cell collection in order to avoid false positive results in proteomic analyses. It should also be noted that at the chosen collection time, the ferrous ion is still present in the solution, which ensures that cells have a source of energy and are still growing in such a way that the risk of the expression of related proteins and other types of stress are minimized.

A relevant change observed in L. ferriphilum IESL25 cells from a culture grown in the presence of 80 g/L of sulfate was the increase in the length of the cells by approximately 4-fold, compared to the control culture. Morphological changes seek to maintain the consistency of the cell under extreme conditions, such as increased osmotic pressure, and in this case, environmental stress due to elevated sulfate concentration. Perhaps the most frequent change resulting from environmental stress is filamentation (Nepal and Kumar, 2018). Filamentation of L. ferriphilum in response to sulfate could be a strategy that enables bacteria to survive in challenging environmental conditions by temporarily halting cell division and elongating their shape. This adaptation would allow them to better handle osmotic imbalances until conditions become more favourable for optimal growth and cell division (Nepal and Kumar, 2020).



3.4 Identification of compatible solutes in response to magnesium sulfate stress

MALDI-TOF analyses after hypo-osmotic shock approach showed peaks of mass/charge ratios similar to molecular weights of ectoine and hydroxyectoine as indicated in Figure 4. Similar findings were observed using two different ionization matrixes. For TiO2+ CsI matrix (Figure 4A), Hydroxyectoine (H+ adducts) has a fold change (treated/control) of 6.17 and Hydroxyectoine-Cs+ a fold change of 10.41. For NALDI+ CsI matrix (Figure 4B), Ectoine (H+) has a fold change of 8.75.
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FIGURE 4
 MALDI-TOF spectra using the stainless-steel matrix with TiO2+ CsI molecular weight peaks of 150–300 Da (A) and the NALDI+ CsI matrix with molecular weight peaks of 140–250 (B). The upper spectra represent the condition of 80 g/L of sulfate, the central spectra correspond to 8 g/L of sulfate (control), and the lower spectra correspond to the control of the matrix or blank. The mass/charge (m/z) peaks indicated with the red arrow coincide with the adducts (a chemical compound that arises from the direct combination of two chemical species) Hydroxyectoine-H+ (159.026), Hydroxyectoine-Cs+ (290.95) and Ectoine-H+ (143.25).


During the bioleaching process of low-grade copper ore and the generation of AMD, microorganisms are subjected to different environmental stressing conditions, such as changes in temperature, pH, concentration of sulfate, toxic metals, and lack of nutrients, among others (Jia et al., 2019). In response to some of these environmental changes, specifically, salt stress, bacteria modify gene expression or the production and accumulation of compatible solutes, also known as osmoprotectants or osmolytes (Gumulya et al., 2018). Here, two osmolytes ectoine and hydroxyectoine were identified. Because the matrixes used to carry out this were TiO2+ CsI and NALDI+ CsI, it must be emphasized that the detection of peaks and their intensities depend on the ionizability of the compounds in the matrix used. Regarding the spectra obtained by using each matrix, it was observed that adduct peaks associated with the molecular weight of hydroxyectoine were detected by using TiO2 as a matrix, in addition to perceiving fewer background signals (blank) than with the NALDI matrix. Despite the latter, NALDI matrix allowed the detection of several entities with intense signals, including a signal associated with the molecular weight of the osmolyte ectoine. Ectoine and hydroxyectoine act as compatible solutes by stabilizing cellular structures, enzymes, and macromolecules, preventing their denaturation, and ensuring cell survival in extreme environments (Corbett et al., 2022). Growing L. ferriphilum IESL25 requires a minimal number of total salts for its development. In the basic salt-based media used, no organic substances or osmolyte precursors were supplemented. Therefore, the identification of these osmolytes suggests the production of these compounds from scratch in response to environmental challenges such as high sulfate concentration. There have been only a limited number of studies conducted on microorganisms with acid and salt tolerance and most of it is related to the NaCl stress (Gumulya et al., 2018). Ectoine accumulation has been shown to increase halotolerance in Leptospirillum and Acidihalobacter species (Khaleque et al., 2019). Comparative genomic analyses have suggested trehalose as another potential compatible solute produced by Leptospirillum spp. (Rivera-Araya et al., 2020) and it has been previously detected in cultures of Leptospirillum ferriphilum grown in the presence of elevated concentrations of sulfate (Galleguillos et al., 2018).



3.5 2-DE protein profiles

Two-dimension protein electrophoresis gels (2-DE) in the pH range 5-8NL of protein extracts obtained from cultures grown under the control condition of 8 g/L and 80 g/L of sulfate are represented in Figure 5 (full gel images in Supplementary Figure S1). These protein electrophoresis assays were performed by triplicate and the expression analyses were subsequently carried out in accordance with point 2.5 of Materials and Methods section. Spots 1 to 4 represent the proteins differentially expressed and identified by LC-MS/MS. The mean normalized volume of spot 1 was 20.65 ± 0.18; spot 2, 9.59 ± 0.18; spot 3, 5.20 ± 0.15, and spot 4, 0.03 ± 0.02 (Supplementary Table S1).
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FIGURE 5
 Spots in 2-DE gels in the pH range 5-8NL grown under the control condition of 8 g/L of sulfate and with 80 g/L of sulfate. Spots 1 to 4 represent the proteins differentially expressed and identified by LC-MS/MS.


The protein prediction results were based on the analyses of peptides obtained for each excised gel spot (protein). Table 1 shows the BLASTp analyses for each peptide obtained from gel spots sorted from highest to lowest score. In all cases, the peptides corresponded to the same protein in different species of the genus Leptospirillum.



TABLE 1 Summary and properties of the predicted proteins of L ferriphilum IESL25.
[image: Table1]

Proteomic investigations of Acidihalobacter aeolianus DSM 14174T, indicated a remarkable 422-fold increase in ectoine synthase expression under conditions of elevated salt stress (Khaleque et al., 2018). Rivera-Araya et al. (2019) concluded that chloride stress up-regulated genes for the synthesis of potassium transporters (kdpC and kdpD), and biosynthesis of the compatible solutes (hydroxy)ectoine (ectC and ectD) and trehalose (otsB). On the other hand, Acidihalobacter prosperus DSM 5130, A. prosperus strain F5, A. prosperus strain V6, and A. ferrooxidans strain V8 represent a group of halotolerant, iron- and sulfur-oxidizing acidophiles whose genomes have been sequenced. The analysis of their genomes revealed the presence of genes associated with the production of osmoprotectants like ectoine and proline, as well as genes responsible for synthesizing periplasmic glucans and osmolyte transporters (Ossandon et al., 2014; Khaleque et al., 2017a,b,c).

This background is closely related to the differentially identified proteins represented in Figure 5. The first protein of interest corresponds to Aspartate-semialdehyde dehydrogenase (ASD). ASD is an enzyme that plays a crucial role in the biosynthesis of certain amino acids and compatible solutes in microorganisms. It is highlighted that one of the key functions of ASD involves the production of the compatible solute ectoine (Becker and Wittmann, 2020). ASD catalyses the conversion of L-aspartate semialdehyde to L-aspartate-4-semialdehyde, which is further processed by other enzymes in the ectoine biosynthesis pathway. These enzymes convert L-aspartate-4-semialdehyde into ectoine and its precursor, N-γ-acetyl-L-2,4-diaminobutyric acid (Becker and Wittmann, 2020). Other enzymes that increased their expression correspond to Isocitrate dehydrogenase (IDH) and Succinyl-CoA synthetase (SCoA). The relationship between IDH, SCoA, and ectoine production lies in the fact that the TCA cycle, in which both enzymes produce metabolites that can be utilized as precursors or intermediates in the biosynthesis of ectoine. During cellular stress TCA cycle plays an important role by modulating NADH/NADPH homeostasis, scavenging reactive oxygen species, producing ATP by substrate-level phosphorylation, signalling, and supplying metabolites to cope with a wide range of cellular disruptions (MacLean et al., 2023). For instance, alpha-ketoglutarate, which is produced by the action of IDH, can serve as a precursor for ectoine biosynthesis. On the other hand, the energy generated in the TCA cycle by SCoA may also play a role in providing the necessary ATP or GTP for ectoine biosynthesis. Thus, the TCA cycle and its associated enzymes could indirectly induce the production of ectoine in L. ferriphilum (MacLean et al., 2023). Finally, according to expression analysis, Hsp20 protein was inhibited under osmotic stress by magnesium sulfate. A wide range of microorganisms, including extremophiles, have at least one homolog of Hsp. Izquierdo-Fiallo et al. (2023) analysed Hsp20-encoding genes are widely distributed and highly redundant in acidophiles, however, their low level of expression suggests that they are proteins not specialized to act under conditions of cellular stress. Although functions that help the correct folding of proteins are attributed, this does not mean that they are proteins that are always expressed in stress situations.




4 Conclusion

Based on the description provided, the following conclusionsemerge:

The presence of sulfate ion at elevated concentration exerts a significant influence in the growth of L. ferriphilum IESL25 and therefore in the efficiency of the industrial bioleaching process, where this microorganism is involved. In prokaryotes, several mechanisms have been described to cope with changes in osmolarity, nevertheless there have been few studies focused on the changes of protein expression and identification of potential compatible solutes, when bioleaching microorganisms are exposed to elevated concentrations of sulfate. In this regard, mass spectrometry analyses allowed us to identify compounds resembling compatible solutes, specifically ectoine and hydroxyectoine, which were determined in cultures exposed to sulfate stress. In addition, the detection of these compatible solutes aligns seamlessly with the heightened synthesis of three proteins determined by 2-DE, which stand out as being significantly overexpressed under stress conditions: SCoA, ICDH and ASD.

By other hand, sulfate ion at elevated concentration exerts a significant influence on the cell division process of L. ferriphilum IESL25, resulting in a noticeable delay compared to the growth in relatively low sulfate concentration condition. This delay is substantiated by a reduced number of cells in cultures and the observation of cell filamentation determined by SEM, when subjected to stress conditions. This phenomenon could be attributed to the inhibition of genes responsible for cell division, driving filamented cells to grow by replicating cellular material without undergoing division, as a consequence of osmotic stress.

Finally, this study sheds light on the intricate web of interactions between osmotic stress, cell division, and the metabolism of critical proteins and solutes in a microorganism directly isolated from an industrial bioleaching process, when confronted with the challenges posed by sulfate stress conditions.
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Species Molecular mass ~ Optimum Optimum Localization  Reference

of subunit (kDa) temperature (°C)
A. ferrooxidans ATCC 23270 50%2 304 60+ membrane Kanao etal. (2007)
A. ferrooxidans ATCC 19859 522 40 56 periplasm de Jong etal. (1997b)
A. ferrooxidans Funis 2-1 50x1 35 50 membrane Sugio et al. (1996)
A caldus KU (ATCC 51756) 52%2 30 40 periplasm Bugaytsova and Lindstrom (2004)
A. thiooxidans ON 107 582 30-35 40 periplasm Tano etal. (1996)
Acidithiobacillus sp. SH 522 300 5% membrane Kanao etal. (2018)
Ap. acidophilus DSM 700 48x2 25 65 periplasm de Jong et al. (1997a)
Ad. ambivalens DSM 3772 54%x 2% 1.0 95+ pseudo-periplasm  Protze etal. (2011)

“pH stabiity; more than 90% activiy remained even after exposure to a strongacidic buffer (0.1 M Glycine-HCI buffer pH 1.0) for 1h on ice.
*Heat stabilty; the enzyme displayed a halflife of 75 min at 60°C in presence of 400 mM ammonium sulfate.

“Activity was assayed in the presence of 0.4M NaCl,

“Activity was detected in both the homodimer and monomer fractions.

#Activity can be determined up to 95°C.






OPS/images/fmicb-15-1347072/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1347072/fmicb-15-1347072-e001.jpg
Recovery rate (%) =[(CL —Co )/ Cu ] *100





OPS/images/fmicb-15-1347072/fmicb-15-1347072-e002.jpg
2FeS0, + 2LiCo0; + 4H,504 — Fey (304, +2C0S04
+LirS04 +4H,0 )





OPS/images/fmicb-15-1338669/fmicb-15-1338669-e006.jpg
HS)S05™ = S0 + 5"+ H*  Reaction(A)





OPS/images/fmicb-15-1338669/fmicb-15-1338669-g001.jpg





OPS/images/fmicb-15-1338669/fmicb-15-1338669-g002.jpg





OPS/images/fmicb-15-1338669/fmicb-15-1338669-g003.jpg
D325

D325

s
3
<
=
8
8
g

: B
Ji 8
Lo
OoO=n—0 't
N2
x 2 W
5
/5
;.8
o=u—0 S
\, @
°© a

tetrathionate





OPS/images/fmicb-15-1338669/fmicb-15-1338669-e004.jpg
25406% + Hx0 — $,05 + 8505 + 504> +2H"  Reaction (4)
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Cu®* + 2LiCo0, — CuCoy0y + 2Li*
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48408 +5H20 - 75,05°” +250;>” +10H"  Reaction(3)
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S406 + H20 — HS,S0y + HSO;”  Reaction (1)





OPS/images/fmicb-15-1338669/fmicb-15-1338669-e002.jpg
S406> + Hy0 = $205°~ +5° + 50,>" +2H*  Reaction(2)
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Time (min) Percentage of attached cells’

No MV MV 1x° MV 10X®
0 0.0£0.0 0.0£00 00£00
5 19.245.4 19.245.4 192454
15 346254 385£00 115554
30 577454 50+5.4 1545109
45 53.8+0.0 50+5.4 115554
60 57.745.4 50454 26954
% 654554 538400 26954
120 692200 423454 26954
180 654554 42354 26954

“Percentage of attached cells was calculated as the inverse of planktonic cells. *Liuid media
with 3% of elemental sulfur powder was incubated with or without MV at 2 concentrations
(1X=7.5x10" MVsand 10X=7.5% 10° MVs) for 15 min. The treated sulfur was exposed to
E caldus’ cells (3.25x 107 cells/mL) for 3h.
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locus_tag D Product emPAI_MV1 emPAI_MV2 PSORTb Prediction PredHel Ranking

(%mol) (%mol)

Type IV pilus twitching, swimming, and swarming motility

Acaty_c1522 AIASS387.1 “Type IV pilus biogenesis protein PilM 1 0 ND (ND) ND (ND) Cytoplasmic OTHER 0 662
Acaty_c1523 AIASS388.1 “Type IV pilus biogenesis protein PIIN 1 1 0.414.0) 0337 (0) Cytoplasmic membrane | OTHER 1 324
Acaty_c1524 ATAS5389.1 “Type IV pilus biogenesis protein PilO 1 1 ND (ND) ND (ND) Cytoplasmic membrane | OTHER 1 663
Acaty_c1525 AIAS390.1 “Type IV pilus biogenesis protein PilP 1 1 532(0.02) 348 (0.01) Unknown LIPO(Sec/SPIT) 0 138
Acaty_c1526 AIASS39LL “Type IV pilus biogenesis protein PilQ 1 1 634(0.18) 27.3(0.08) Outer membrane SP(Sec/SPI) 0 63
Acaty_cl134 AIAS5004.1 “Type IV pilus biogenesis protein PilF 1 1 883 (2:56) “9(1.3) Outer membrane LIPO(Sec/sPID) 1 B
Acaty_c1191 AIA55059.1 “Type IV fimbrial biogenesis protein PilY 1 1 1 0443 0) 0578 0) Unknown SP(Sec/SPD) 0 300
Acaty_c2450 AIAS6294.1 Twitching motility protein PilT 1 1 ND (ND) ND (ND) Cytoplasmic OTHER 0 754

Cell aggregation and substrate attachment

Acaty_c0525 AIAS4410.1 Fap amyloid fiber secretin 1 1 75.7(0.22) 734.(0.21) Cytoplasmic Membrane | SP(Sec/SPI) 0 54
Acaty_c0529 AlAS4414.1 Fap protein with C39 domain 1 1 266 (0.08) 31.10.09) Unknown SP(Sec/SPD) 0 7
Acaty_c0040 AIAS3932.1 Extracellular matrix protein PelC. 1 1 32(0.09) 144 0.0 Outer Membrane LIPO(Sec/SPIT) 1 78
Acaty_c0036 AIAS3928.1 Extracellular matrix protein PelA 1 1 13 0.04) 107 0.03) Unknown SP(Sec/SPD) 1 103
Acaty_c0041 AIAS3933.1 Extracellular matrix protein PelD 1 1 ND (ND) ND (ND) Cytoplasmic OTHER 3 515

Energy production and conversion—sulfur oxidation

Acaty_c1580 ATASS444.1 Uptake hydrogenase small subunit precursor 1 1 ND (ND) ND (ND) Periplasmic OTHER 0 73
Acaty_c1581 AIAS545.1 Uptake hydrogenase large subunit 1 1 0 00594 (0) Unknown OTHER 0 450
Acaty_c1419 AIAS5285.1 NilFe-hydrogenase 111 large subunit 0 1 ND (ND) ND (ND) Cytoplasmic OTHER 0 645
Acaty_cl455 AIASS32LL Sulfide-quinone reductase 1 1 1390) 0926 (0) Cytoplasmic OTHER 0 b2
Acaty_c1208 AIAS5076.1 NADH dehydrogenase 1 1 1290) 0826 (0) Cytoplasmic OTHER 0 240
Acaty_c2187 AIAS6041.1 Glycine cleavage system H protein 1 1 97(0.03) 563 (0.02) Unknown OTHER 0 121
Acaty_c2189 AIAS6043.1 Glycine cleavage system H protein 1 1 0155 (0) 0202 0) Cytoplasmic OTHER 0 387
Acaty_c2190 ATAS6044.1 CoB--CoM heterodisulfde reductase subunit B 1 1 0.467 (0) 0.1020) Cytoplasmic OTHER 0 350
Acaty_c2191 AIAS6045.1 CoB-CoM heterodisulfde reductase subunit C 1 1 276 (0.01) 36001) Cytoplasmic OTHER 0 154
Acaty_c2193 ATAS6047.1 CoB-CoM heterodisulfde reductase subunit A 1 1 1270) 0646 (0) Unknown OTHER 1 247
Acaty_c2194 ATAS6048.1 CoB~-CoM heterodisulfde reductase subunit B 1 1 0657 (0) 0287 (0) Cytoplasmic OTHER 0 308
Acaty_c2195 ATAS6049.1 CoB~CoM heterodisulfide reductase subunit C 1 1 0330 0271(0) Cytoplasmic OTHER 0 342
Acaty_c2196 ATAS6050.1 NADH dehydrogenase 1 1 0,548 (0) 0437 (0) Cytoplasmic OTHER 2 303
Acaty_c2197 ATASG051.1 Molybdopterin biosynthesis protein Moeh 1 1 129(0.37) 896 (0.26) Cytoplasmic OTHER 0 50
Acaty_c2053 ATAS3909.1 Sulfur oxidation protein SoxA 1 1 884(2.56) 1,150 (3.34) Periplasmic SP(Sec/SPI) 0 10
Acaty_c2054 AIAS3910.1 Sulfur oxidation protein SoxX. 1 1 884(2.56) 1,150 (3.34) Unknown OTHER 0 n
Acaty_c2057 AIASS913.1 Sulfur oxidation protein SoxB 1 1 883 (256) 1,150 (3.34) Periplasmic TAT(Tat/SPD) 0 17
Acaty_c2058 AIA5914.1 Sulfur oxidation protein SoxZ 1 1 883 (2:56) 838 (243) Unknown OTHER 0 2
Acaty_c2059 AIAS5915.1 Sulfur oxidation protein SoxY 1 1 883 (256) 1,150 (3.34) Unknown SP(Sec/SPI) 0 18
Acaty_c2060 AIAS5916.1 Hypothetical pro 1 1 798 (231) 274(08) Unknown LIPO(Sec/SPIT) 1 30
Acaty_c2208 AIAS6062.1 Sulfur oxidation protein SoxX 1 1 186 (0.01) 0879 (0) Unknown SP(Sec/SPD) 0 219
Acaty_c2209 AIAS6063.1 Sulfur oxidation protein SoxY 1 1 47.7(0.14) 3310.) Unknown TAT(TaySPI) 1 66
Acaty_2210 AIAS6064.1 Sulfur oxidation protein SoxZ 1 1 883 (2.56) 667 (1.94) Unknown OTHER 0 2%
Acay_c2211 AIAS6065.1 Sulfur oxidation protein SoxA 1 1 693(02) 484 (0.14) Periplasmic SP(Sec/SPD) 0 58
Acaty_c2212 ATAS6066.1 Hypothetical protein 1 1 1.98 (0.01) 207 0.01) Unknown SP(Sec/SPD) 0 183
Acaty_c2213 AIAS6067.1 Sulfur oxidation protein Soxi 1 1 196 (0.06) 14(0.04) Periplasmic TATCTUSP) 0 86
Acaty_c1354 AlAS52211 Hypothetical protein 1 1 195 (0.57) 7930.23) Unknown SP(Sec/SPD) 1 45
Membrane structure and constriction

Acaty_c2069 AlA53925.1 Surface lipoprotein 1 1 16.1(0.05) 189 (0.05) Outer Membrane LIPO(Sec/SPIT) 0 85
Acaty_c2688 AIA6526.1 Putative ABC transporter ausiliary component YibC 1 1 178 (0.05) 923(0.03) Unknown SP(Sec/SPI) 0 %
Acaty_cl015 AIAS4887.1 Protein ycel precursor 1 1 507 (1.47) 176 051) Unknown LIPO(Sec/SPIT) 0 2
Acaty_2070 AIA55926.1 ABC-type transport system, auiliary component 1 1 153 (0.44) 13(033) Unknown SP(Sec/SPI) 1 6
Acaty_c2065 AIAS59211 hypothetical protein 1 1 884(2.56) 1,150 (3.34) Periplasmic LIPO(Sec/SPID) 0 12
Acaty_c1317 AIASS184.1 Cardiolipin synthetase 1 1 38(0.11) 155 0.04) Cytoplasmic OTHER 0 76
Acaty_c2540 AIAS6384.1 “TolB protein precursor, periplasmic 1 1 883 (2:56) 1,150 (3.34) Periplasmic SP(Sec/SPD) 1 20
Acaty_c2653 AIAS6491.1 TolB protein precursor 1 1 883 (2.56) 1,150 (3.34) Periplasmic SP(Sec/SPD) 1 2
Acaty_c0599 AIAS4483.1 Outer membrane protein, OmpA/Moth family 1 1 884(2.56) 1,150 (3.34) Periplasmic SP(Sec/SPD) 1 9
Acaty_c2613 AIAS6456.1 Outer membrane protein, OmpA/Moth family 1 1 134 0.04) 151 (0.04) Periplasmic LIPO(Sec/SPIT) 0 9
Acaty_c405 AIAS4295.1 lipoprotein, putative 1 1 889(2.58) 1,160 (3.37) Unknown LIPO(Sec/SPIT) 0 1
Acaty_c2657 AIAS6495.1 Outer membrane protein (OmpA/Motb precursor) 1 1 885 (2.57) 1,150 (3.34) Outer Membrane LIPO(Sec/SPIT) 1 7
Acaty_c1096 AIAS4966.1 Rare lipoprotein A precursor 1 1 133 0.049) 121 0.04) Unknown SP(Sec/SPI) 0 101
Acaty_c2533 AIAS6377.1 Rare lipoprotein A precursor 1 1 283(0.01) 443 0.01) Unknown LIPO(Sec/SPIT) 1 150

Acaty_c0055 AIAS3947.1 Hypothetical protein 1 1 885(2.57) 1,150 (3.34) Periplasmic SP(Sec/SPI) 1 4
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Taxonomic  Original host Protein name  Ep, o4 vs. SHE  Methodological References

affiliation approach
p-Proteobacteria  Ferrovum sp. PN-J47-F6 HiPIP-41 Eny=57ImV (¢ Cyclic voltammetry This study
16mV) (protein film)
Rhodoferrax fermentans HiPIP E,7=351mV Optical redox titration Hochkoeppler et al. (1995)
Rhodocyclus tenuis 2761 HiPIP E,.-=330mV Biochemical assay Meyeretal. (1983)
a-Proteobacteria Rhodopseudomonas palustris TIE-1 PioC E,,,=450mV Cyclic voltammetry Bird etal. (2014)
y-Proteobacteria | Halorhodospira halophila Iso-HiPIP I E, > =50mV Optical redox titrations Lieutaud et al. (2005)
Acidithiobacillia Acidithiobacillus ferridurans ATCC Hip 10mV (£ Cyclic voltammetry, Bruscella et al. (2005)
33020 square wave voltammetry
(protein film)
Hip Cyelic voltammetry, Bruscella et al. 2005)
square wave voltammetry
(protein film)
Acidithiobacillus ferrooxidans Iro Eppss=633mV Yamanaka and Fukumori (1995)

The methodological approach for redox potential determination is given along with the pH of the electrochemical assay (E,, ), the reference o the study and a general taxonomic affliation
of the HiPIP’ original host. HiP1P-41 of Ferrovum sp. PN-J47-F6 and Iro of Acidithiobacillus ferrooxidans are proposed to be involved in ferrous iron oxidation while Hip of Acidithiobacillus
ferridurans is proposed to be involved in reduced sulfur compounds oxidation. The HiPIPs in the other bacteria are involved in electron transfer to photosystem I1. Ferrovium sp. PN-J47-F6
and Acidithiobacillus spp. present acidophilic bacteria while the phototrophic bacteria are neutrophiles.
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Taxonomic  Original host
affiliation

Protein name

Epm, pn Vs. SHE

Methodological approach

References

f-Proteobacteria | Ferrovum sp. PN~
J47-F6

y-Proteobacteria | Pseudomonas
aeruginosa

P aeruginosa

Pseudomonas strutzeri

Pseudoalteromonas

haloplanktis

Azotobacter vinelandii

Vibrio cholerae

Acidithiobacillia | A. ferridurans ATCC
33020

Acidithiobacillus

Jerrooxidans

A.ferriphilus

opc1s

opc7s

Pa.Cyte,

Cyte,

Ps.oyte,

e

Cyte,

oe

Cyel

Cyedt

Cyt. i (Cyeal)

Eyysy=276mV (£ 8mV)

Eyysy=416mV (£ 2mV)
Eypsi=308mV (£ 7mV)

99mV (+ 7mV)

Epzi=322mV (£2mV)

=258mV (£ 4mV)
=364mV (x 6mV)

240mV

340mV

Eys=385mV (£ 20mV)
Eyy s =480mV (£ 20mV)
Epp s =350mV (& 10mV)
Epp 10 =460mV (& 10mV)
Eyy 5 =430mV (& 20mV)
Eyy 5 =510mV (& 20mV)

Spectroelectrochemical voltammetry

Spectroclectrachemical voltammetry

Spectroelectrochemical voltammetry

Optical redo titration

Spectroelectrachemical voltammetry

Cyclic voltammetry (protein in

solution)

Optical redo titration

Cyelic voltammetry (protein film)

Optical redox titration

Cydlic voltammetry, square wave

voltammetry

Optical redox titration

“This study

“This study

Carpenter et al. (2020)

Leitch et al. (1985)

Carpenter etal. (2020)

Di Rocco et al. (2008)

Leitch etal. (1985)

Chang et al. (2010)

Cavazza et al. (1996)

Malarte et al. (2005)

Giud
(2000)

rticoni et al.

For each cytochrome the determined redox potentias of the two heme centers are given along with the methodological approach of their determination, the pH of the lectrochemical assay
(E. ), the reference to the study and a general taxonomic affiliation of the cytochromes original host. Ferrovium sp. PN-J47-F6 and Acidithiobacilus spp. present acidophilic bacteria while the

other bacteria are neutrophiles.
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Values in bold indicate p < 0.05.
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Strata Cond TP SRP N-NH,* boc SO, TFe [Fe Fess Bacterial
(S (Mol (gl®  (gl®  (mgly  (mglh  (mglh  (mgL®) (mgl?’)  Abundance
cm)
3.2(3.0- 104 (5.4~ 726 (644 129.2(120.6- 105.4 (83.6- 3125 (150- 5.30 (0.48-13.10)
E 33) 14.2) 769) 141.5) 127.5) 20.9 (5.8-34.0) 3.4(18-5.0) 450) 14.2(7.9-17) 1.3(0.65-2.02) = 129(6.3-16.1)
33(30- 701 (651~ 1345 (1214 1119 (10 4125 (100~ 15.5(14.4- 147 (133~
NA M 35) 9.1(5.6-9.7) 736) 151.2) 1.1-125.3) 19.5 (8.6-27.2) 83(22-143) 750) 16.7) 0.8(0.51-1.37) 16.0) 14.55 (1.24-40.00)
3301- G969~ 1762(1170- 130(040- | 1233 04- S25(50-  160(154- 150 (136
B 35 756590 7m) 2595) 1233) 3113) 19(05-33) 500) 169) 107-176) 163) 1192 (1.51-3200)
32(03.1- 105 (6.0- 732(655- 133.3 (122.1- 110.3 (81.3- 387.5 (150~ 14.1(125-
E 33) 14.2) 767) 143.6) 125.0) 7.0(<5-13.2) 10.7 (1.5-19.8) 600) 15.4 (14-17) 13(0.75-1.8) 16.3) 2.22(0.20-4.77)
33(30- 83 (6.0~ 693 (655- 158.1 (147.9- 127.1 (108.7- 437.5 (100~ 163(15.2- 154 (134~
SA M 35) 10.2) 740) 171.2) 147.3) 20.7 (<5-55.4) 43(20-6.7) 750) 17.3) 0.9 (0.4-1.8) 16.9) 3.36 (0.69-8.11)
34(3.1- 672 (657- 175.1 (133.8- 117.2(68.5- 164.3 (43.7- 556.3 (100~ 163 (15.2- 154 (13.6-
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THE_A K04763 Integrase/recombinase XerD 492
K04764 Integration host factor subunit alpha 492
KI8640 Plasmid segregation protein ParM 492
K01992 ABC-2 type transport system permease protein 437
K03496 Chromosome partitioning protein ParA 789
Ko1153 Type I restriction enzyme, R subunit [EC:3.121.3] 658
K03205 Type IV secretion system protein VirD4 658
K07283 Putative salt-induced outer membrane pro 658
K03496 Chromosome partitioning protein ParA. 3421
i K06218 mRNA interferase RelE/StbE: 13.16
KI8918 Antitoxin RelB 13.16
K21528K14060 Serine recombinase [EC:3.1.22- 6.5.1.-] 1053

‘Frequency percentages correspond to the KEGG-based vicinity frequency index (see methods).
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Specie/strain® Plasmid  Size (kb) DS NAPs number NAP families  Protein ID Accession ID
A, ferrivorans PQ33 PAIPQ33_I 102 10 1 KirA ARUS9618.1 cro21a1al
A ferrivorans CE27 AFERRIp 64 50 1 KfeA SMHG7819.1 LT841306.1

Fealdus’ ATCCS1756 | pACALL 3 2 KfvA; IHEA AIAS67S3.1; AIAS6791.1 CPOOS98S.1

AUW3HIS7.1; AUW3425L1;
E caldus’ MTH-04 » 1908 29 4 HU; HU; IHE_A; HU CPO26329.1
AUW34139.1; AUW3421 L1

» 28 o 2 IHEAKIA | AUWM268.1 AUW3286.1 cro2s30

megaplasmid | 2518 255 2 HU; IHF_A AEK39366.1; AEK59565.1 CPonzs74.1

pLAG 27 2 1 HE_A ABKS98211 crons771

Fealdus” S\ LA 11 1 1 HE_A AEK9799.1 Ccrons761

‘Species names as proposed in Moya-Beltran et al. (2021),





OPS/images/fmicb-14-1271138/fmicb-14-1271138-t004.jpg
Species/strain® MGE

A, ferrooxidans ATCC 23270 ICEAfe1

A ferrooxidans ATCC 23270 ICEAR2

A ferrooxidans CCM 4253 ICEiMGEA
A, ferrooxidans CCM 4253 ICEIMGEI0
A ferrooxidans CCM 4253 ICEiMGEL3
“F caldus' ATCC 51756 ICEAcar,

“E caldus’ SM-1

A, ferrooxidans ATCCS3993 | ICEIMGES

213

166.1

1360

810

1150

1833

2083

96

102

Size (kb) DSs  NAP families

1E A
THE_A:HU
HU: HE_A

IHE_A IHF_B

IHE_AS U THE A

iE A

HU

Alba2

Protein_id
ACKS0120.1

ACK79793.1; ACK8043

PZDBI2SLI PZDSI2521
PZDB23S.1; PZDR2A9.1

PZDBIS22.1; PZDSIS31; PZDBISTS.A
AASTILL

AEKS7916.1

ACHS1262.1

Relevant genetic context
TFHG

Type- RM system

Type-l RM system

Type-I RM system/site-specific integrase
EAL/bes operon /relaxase-mobilzation nuclesse

type-T RM systemysite-specifc integrase

“Type-111 RM res subunit braTA adk
module; mobM relaxase.

iction

‘Species names as proposed in Moya-Beltran et al. (2021); ICE names as proposed in Bustamante et al. 2012), Acufia etal. (2013), and Moya-Beltran et al. (2023).
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Total  NAPs/Genome Total proteins (range per genome)

Species name*

NAPs  Median Range  EbfC IHF_A IHF_B Lrp SMC Alba_2 KfrA NdpA  MukB
g

Acidithiobacilus ferrooxidans

195 5 1017 1 B 00 B9 58(2-6) 203 1 150-2) 1 50-2) 00 0
(AFE] (n=14)
Acdithiobacilus erruginosus

2 2 2 0] 0] 00 30 20) ) 0] ) 0o 20 00 0o
1AFG] (1=1)
Acdithiobacilus ferridurans

134 15 7 9() 50) 1) 800 35 140-2) s 5 20 70-2) 00 00
1AFD) (1=9)
Acdithiobacilus feriphilus

56 0 612 9 50) o) 1803 180-3) na-2 80 100-2) 0o 20 00 0
1AFP) (1=9)
Aiditiobacilu ferivorans

s 3 1325 7 70 s 180-1) 3(3-9) 20-7 90-2) 7 o) 50-2) 00 0o
1AFV) (n=7)
Acdithiobacilu erianus

s s s 0] 0] 00 ) 1 ) 2 1 0o 0o 00) 0o
[ARN] (n=1)
Acidithiobacilus thioxidans

B 17 1= 00 200 360-3) 91(1-7) 705 L) 2w 210 00 0] 00 30
(ATH] (1=21)
“Acidithiobacillusconcretivorus”

u u u 0] 0] ) 1) 30 20) 0] 1 00 00 00 0o
1ACO] (n=1)
“Acdithobacillus sulfurivorans™ 56) ) ) 00 00 1 0

7 7 7 T o) o) 50 20)
148U) (n=1)
“Acidithiobacills marinus” 9 9 9 1) 1 0o 20 1 1 o] 1 1 00 00 00
(AMA) (n=1)
Aditiobacillus monserratensis” 10 10 10 ) it 00 ) 1 30 ) ) 00 ) 00) 0
1AMO] (1=1)
“Fervidacidithiobacilus caldus” 159 0 71 180) 180 00 20-5) 550-5) 2102 00 180-2) 0o 170-2) 00 0
IFCA] (n=18)
“Igneacidithiobaclls opaluensis” Y 5 67 s 6 00 6 6 s 0o 6) 00 20 00 0
11c0) (n=6)
“Igneacidithiobacillus yellowstonensi 5 5 5 1) 1 0o 0] 1 00 0o ) 00 00) 00 00

(IYE] (n=1)

“Ambacidithiobacilus sulfurphilus” 7 7 7 10 10 00 10} 10 1) 1) 1) 00 00 00 00
1AMS) (n=1)

Thermithiobacillus tepidarivs 6 6 6 1) 10 00) 10} 10 0 00 10 00) 0o 00 00
(T7P) (1=1)

«

3) 1197 92 91 s 280 203 I @ 95 15 2 1 3

“The acronym for each species is provided within brakets as proposed in Moya-Beltran et al. (2021). The number of genomes analyzed per lineage (n) is shown in parenthesis
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Clade #/clade® Representative T(°C) T (°C) growth  pH habitat® pH Water chemistry?

habitat® or isolation growth or
isolation®

1B 73 53042 26-30 28-40 00-34 15-50 AS, ASB
SO 960mg/L
- 782mg/L.
HCO,™ 1310mg/L.

cn 1 Spst90s 42-90 (6) 50-67 - As
SO 231 mg/L,
I 278 mg/L.
1CIa 3 1Ma36_G5 36-93 - 23-67 - AS

SO 4,055 mg/L.

1C_1b 13 IBUN_ 215 2832 56-7.4 1535 ASB
PU247_53 504-ND
HCO,"ND
1€ 34 VANI8-1 37-40 28-40 2225 2528 A8, ASC (")

SO 4,495-20590 mg/L.

CI-437-8283 mg/L.
1E1 2 UBA_2486 50-85 - 27-3.25 - As

SO 378mg/L
I 1 mCHC20-1 38.9-56 - 58-7.0 - AS

SO 2,165 mg/L.
IET 1 TVZ_G3 389 - 59 - ASB

SO 33mg/L.

HCO,™ 359mg/L.
IEI0 1 TVZ G4 389 - 59 - ASB

SO 33mg/L.

HCO,™ 359mg/L

Acid-sulfate (AS), acid-sulfate-bicarbonate (ASB), acid-sulfate-chloride (ASC), no data (ND).
“Total number of srains, sequence clones, and/or MAG assigned to the clade.

“Physicochemical values derived for the habitat occupied by strains, sequence clones, and/or MAGs analyzed in this study.

Physicochemical values of growth derived for strains during isolation (enrichment) and/or growth in pure culture.

“The water chemistry of the habitats of each clade, recovered from available literature (references stated in Figure 3, additional information can be found in Supplementary Table 52) or
generated in this study (*). The concentration of sulfates was etermined by absorbance at 420 nm as by Kolmert et al. (2000) and the concentration of chloride by mercuric nitrate titration
(Roberts et al. 2003).
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Species Clade 1C Clade 1B Clade 1E Clade 1F

‘lgneacidithiobacillus ‘Ca. Igneacidithiobacillus ‘Ca. ‘Ca. ‘Ca. ‘Ca.
copahuensis’ Igneacidithiobacillus siniensis' Igneacidithiobacillus  Igneacidithiobacillus  Igneacidithiobacillus  Igneacidithiobacillus
yellowstonensis’ taiwanensis’ chanchocoensis’ taupoensis’ waiarikiensis’

Charactersties VANIB-I" Sps08 ™ ssoA2" UBA286™ mCHC20™ T™VZ.G3 ™ TVZ.GH™
Status. Draft MAG Complete MAG MAG MAG MAG
Completencss
o 9815 6692 9814 72 9465 9537 %28
)
Contamination

000 124 031 003 an 000 062
(%)
Strain
heterogeneity 000 5000 000 000 000 000 000
(%)
Size (Mbp) 277 161 281 169 240 173 183
Coverage (fold) 76.7 505 1472 43 12 141 371
N0 90,130 3495 2782872 128 18732 509 1829
Contgs (#) 0 197 4 151 306 @ 184
GC (%) 58.51 5903 5825 59.57 59.20 5639 5575
Coding density

9 9 % % 9 9 9
(%)
Genes (%) 2,890 213 2,844 2056 2,576 1781 1926
CDS (#) 23838 2084 2743 2029 252 1734 1887
RNAS (5) 15 2 s z 15 @ 3
rRNAs (#)

L1 . 222 - 211 L1-
ss/165/238
Accession JAAXYO! VSO JALQCsor ooV JAWNZEOL JAEPKXO1 JAEPKYOI

The results are derived from publc draft genomes and MA
T stands for type strain.

TS stands for “type by sequence’

(¥) Spst-908 MAG sequence: formerly DTMS01, now SRR7540054.

including a novel MAG reported in the current study.
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Strain
VANIS-1,24

cvis23

BN09-2

YTS05

Spst-908

53042

UBA2468

TVZ-G2

mCHC20-1

TVZ-G3

TVZ-G4

165 rRNA (Fis) Clad

1c1acn

1cracn

1cracn

1c10CD)

ND (1C-1D)

1B (1B)

ND (1E_T)
ND (1E-I)

ND (IE_II)

ND (IE-1)

ND (IF-I)

Source

Hot spring water

Acidic volcanic watershed

Hot spring slurry

Acid water from a tailing pit
Hot spring sediment

Acid mine sediment

Hot spring water

siliceous digitate sinter

Hot spring slurry

Siliceous digitate sinter

Hot spring sediment

165 rRNA and Fis clades derived from the phylogenetic analysis presented in Figure |

Site of origin

Vertiente del Agrio Norte (VAN),
Caviahue-Copahue Volcanic Complex, Argentina
Cabellera de la Virgen (CV),

Caviahue-Copahue Volcanic Complex, Argentina
Baiio 9 (BN),

Caviahue-Copahue Volcanic Complex, Argentina
Yantai, China

Yellowstone, United States

ND

Acid Mine Drainage, China

Shi-Huang-Ping, Taiwan

‘Tikitere (TIK2),

Taupo Volcanic Zone, New Zealand

ChanchoC6 (CHC),

Caviahue-Copahue Volcanic Complex, Chile
Tikitere (TIK2),

‘Taupo Volcanic Zone, New Zealand

‘Tikitere (ARC_TD2),
Taupo Volcanic Zone, New Zealand
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ND, not detected.

Citrate, pyruvate, formate, and ethanol were no detected.
*Valugs aro signifcanty diferant (P < 0.05).
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Subcultur Morphology on plates  Identificatios
Nymph Lake (89.9°C, pH 2.73) 5th transfer Small, round, and transparent A. acidocaldarius (96.41%) ALOLA
Norris Geyser Basin (43.6°C, pH 3.06)  6th transfer Small, round, and transparent A acidocaldarius (97.44%) ALOSG

Subcultures were performed in the mineral medium V42 (pH 2.3) at 60°C with a subsequent inoculum (25%).
“Alicyclobacillus colonies were identified based on the 165 rRNA sequencing using a universal primer (~1.5kb sequence length)
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ALO1A ALO5G

Total raw sequences 75,261,725 59,440,504

Genomi

Phread score >33 >33

After de novo assembly*

Contigs 89 339
Bases 3187819bp  3,660934bp
GC content (%) 62.1% 61.8%
s 3121 3,598
Alignment rate against A. acidocaldarius® 78.63% 76.61%
Alignment rate against A. sendaiensis® 7474% 7131%

“De riovo assembly was performed with Spades.
*A. acidocaldarius DSM 446 genome (GenBank assembly accession number:
GCA_000024285.1).

A, sendaiensis NBRC 100866 genome (GenBank assembly accession number
GCA_001552675.1).
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RNA processing and modification

Chromatin Structure and dynamics

Energy production and conversion

el cycle control and mitosis

“Amino Acid metabolis and transport

Nucleotide metabolism and transport

Carbohydrate metabolism and transport

Coenzyme metabolis

Lpid metabolism

Tranisation
Transcription

Replication and repair

Cell vall /envelop biogenesis
Cell motily

Post-translational modifcation, protein turover, chaperone functions

Inorganic ion transport and metabolism

Secondary Structure

Signal Transduction

Intracellular traficing and secretion

Nuclear structure

Cytoskeleton

General Functional Prediction only
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HaS + 2 FeOOH + 4 HY — 8% + 4 Ho0 + 2 Fe?*
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