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Abstract

:

Over 3000 iron formation caves (IFCs) have formed in erosion-resistant Fe(III)-rich rocks throughout Brazil. Microbial Fe(III) reduction occurs in IFCs, where a microbe-rich, Fe(III)-depleted paste (sub muros) is found behind an Fe(III)-(hydr)oxide crust in the ceiling/walls. Microbial Fe(III) reduction in sub muros appears to be responsible for the transformation of Fe(III) to more soluble Fe(II), which is removed, leading to cave formation. This process of biospeleogenesis is likely controlled by O2 availability, which is linked to seasonal changes. Here, we studied the effects of alternating anoxia/oxia on the microbial community and on Fe solubility in banded iron formation (BIF), a rock type consisting of layered Fe(III)-oxide and silicate. Incubations of synthetic pore water, pulverized BIF, and sub muros were prepared and incubated under anoxia, during which BIF-Fe(III) reduction proceeded. During the Fe(III) reduction period, Firmicutes and/or Alphaproteobacteria were enriched, and genes involved in Fe(III) and sulfate reduction were detected in the metagenomes. Fe(II) oxidation genes, which were detected in the fresh sub muros, were not found. Upon the addition of atmospheric O2, Fe(III) reduction was arrested, and incomplete Fe(II) oxidation occurred. Betaproteobacteria, Gammaproteobacteria, and Chloroflexi increased in relative abundance following aeration, and Fe(III) reduction genes were still identified. Our results demonstrate that the sub muros microbial community retains the ability to reduce Fe(III) and drive speleogenesis despite fluctuations in O2 levels.
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1. Introduction


The Carajás Ridge, Southern Espinhaço Range, and Iron Quadrangle regions of Brazil consist of extensive deposits of Fe(III)-rich rocks, including banded iron formation (BIF) and the overlying duricrust, canga. BIF comprises 54–70 wt% Fe(III) oxide minerals, such as hematite (Fe2O3), and 25–45 wt% silicate minerals [1,2,3,4], while canga is primarily composed of fragments of BIF cemented by goethite (FeO(OH)) and is 89 wt% Fe(III) oxide [3,5]. These three regions are home to over 3000 iron formation caves (IFCs) that have formed in BIF and canga, even though these rocks are highly resistant to erosion [6]. Both BIF and canga are composed of minerals that are poorly soluble and resistant to dissolution weathering [7]. Because Fe(III)-(hydr)oxides are relatively insoluble in water with a pH above 3.5, and the water in and around these IFCs is typically circumneutral in pH, Fe(III) must be reduced to relatively soluble Fe(II) to be mobilized and allow for the formation of the observed IFCs.



Recent evidence has demonstrated that Fe(III)-reducing microorganisms (FeRMs) may be responsible for the reduction in poorly soluble Fe(III)-oxides in the host rock to Fe(II), supported by organic carbon from the terrestrial surface [4,8,9,10,11,12,13,14]. This was supported by the identification of active FeRM within the caves [4,14] and the presence of a Fe(III)-depleted material (termed sub muros) behind the IFC walls [14]. Sub muros was found behind an Fe(III)-(hydr)oxide crust, which forms as a result of oxidation of the outermost exposed Fe(II) in the sub muros and the precipitation of Fe(III)-(hydr)oxide phases to form the crust [14]. This Fe(III)-(hydr)oxide crust is thought to create an O2 barrier, limiting O2 intrusion into the sub muros and allowing Fe(III) reduction to proceed, with the resulting Fe(II) being removed via groundwater. The removal of Fe(II) may be enhanced by chemical interactions that stabilize Fe(II) by forming a mobile Fe-Si colloid [15], although the effects of these chemical interactions have not been studied in IFC environments. Fe(III) reduction continues until the oxide crust is unable to support the sub muros and collapses into the cave, causing enlargement. The collapse of the crust leads to the oxidation of Fe(II) in the freshly exposed sub muros, creating a new Fe(III)-oxide crust in place and facilitating another cycle of reductive solubilization of Fe(III). This novel cave genesis process has been termed exothenic biospeleogenesis [14].



The climates of the IFC regions of Brazil are tropical subhumid with wet and dry seasons [3,11,16]. Fe(III) reduction is thought to be stimulated during the wet season when organic matter is more readily available, as suggested by a recent study of Lake Violão in Carajás, Brazil [17]. During the dry season, canga exposed at the surface experiences Fe(II) oxidation, which stabilizes the canga and limits erosion [3,11,17]. Our prior work has also demonstrated that the Fe(II) is mobilized by cycles of hydrologic flow, which appears to remove Fe(II) and increase the rate of Fe(III) reduction [13]. The removal of Fe(II) may be enhanced by interactions with silica, which prevents Fe(II) oxidation through sorption/complexation interactions [15,18,19].



If our hypothesis of episodic speleogenesis is correct, the microbial community is exposed to cycling anoxic and oxic conditions, both on a seasonal scale (wet/dry seasons) and on a more localized, irregularly timed scale (wall collapse). Additionally, the exposure of biogenic Fe(II) to oxic waters could limit Fe export. The aim of this study was to determine the structural and metabolic dynamics of sub muros-associated microbial communities under alternating anoxic and oxic conditions. To achieve this, we examined the sub muros when incubated with the host rock (BIF) under alternating anoxic and oxic conditions to mimic the fluctuations in water and the O2 availability associated with the cave-hosting systems [8,14,17]. Our results show that the sub muros microbial community is affected by anoxic to oxic shifts while continuing to maintain the ability to reduce Fe(III) in BIF, but it does not oxidize the generated Fe(II) extensively. These data suggest that microbial Fe(II) oxidation within these environments may be inhibited by interactions with silica, enhancing Fe(II) mobilization in IFCs, even during periods of high O2 availability.




2. Materials and Methods


2.1. Sample Collection and Preparation for Incubations


Sub muros material and BIF samples were obtained from IFCs in the Southern Espinhaço Range, Minas Gerais, Brazil in December 2018 during the wet season. Two BIF samples were collected from the ceilings and walls of two caves’ interiors prior to destruction through mining and placed in sterile aluminum foil for transport. These caves were located at altitudes of 684 m and 662 m. BIF was prepared by first breaking up the large, friable samples with a rock hammer. BIF fragments were then powdered using a ball mill (SPEX Industries, Inc., Metuchen, NJ, USA) until all of the material passed through a 4 mm sieve. The powdered BIF was then sterilized by autoclaving at 121 °C for 30 min, cooling for 30 min, and then autoclaving again to ensure the deactivation of endospore-forming bacteria. This method of microbiological deactivation appeared to be sufficient for sterilizing canga in a previous experiment, as DNA could not be extracted, and no cells were detected in uninoculated incubations [4,13]. The sterilized BIF was then dried at 65 °C for 14–16 h in an oven. The mineral composition of BIF was analyzed using X-ray diffraction and energy-dispersive X-ray analysis, which revealed that the BIF is 65% quartz and 35% hematite by weight (Supplementary Information). The sub muros material was collected from another IFC, located at 846 m altitude (also in December 2018), by first removing the Fe(III)-oxide crust layer and then using a sterile garden shovel to place the material in sterile glass jars, which were then sealed with plastic tape to minimize contact with O2. Sub muros samples were stored at 4 °C upon returning from the field.




2.2. Batch Experiments and Fe(II) Measurement


Incubations were prepared in a Coy anaerobic glove bag (Coy Laboratory Products, Inc., Grass Lake, MI, USA) filled with 1–3% H2, balance N2. The synthetic pore water (SPW) formulation was based on the characterization of IFC porewaters and consisted of 5 mM CaCl2, 0.1 mM Na2SO4, and 0.1 mM KH2PO4, adjusted to a pH of 6.8 [13]. Sodium lactate (5.0 mM) was included as an electron donor and carbon source. SPW was sterilized by autoclaving at 121 °C for 25 min. O2 was removed from the SPW by bringing the solution to near boiling while under a stream of filter-sterilized N2 gas (0.2 µM Corning Incorporated, Oneonta, NY, USA) for 45 min, and then it was allowed to cool under a stream of N2 gas. The SPW was then transferred to the anaerobic glove bag. Batch incubations were prepared in 160 mL serum bottles with 20 g BIF [equivalent to approximately 36 mmol Fe(III)] and 60 mL anoxic SPW. Where appropriate, 5 g sub muros material was added as an inoculum. Abiotic controls did not receive sub muros. Serum bottles were sealed with butyl rubber stoppers held in place with aluminum crimp seals. Incubations were carried out in replicates of three (sterile controls), four (oxic incubations), or six (anoxic incubations) to account for the heterogeneity of sub muros and BIF.



Samples were collected from incubations using a needle and syringe in the Coy anaerobic glove bag. Samples taken for total Fe(II) quantification were placed in 0.5 M HCl. After extraction for 16–24 h, samples were then centrifuged at 12,100× g for 5 min to separate solids from solution. Fe(II) in this solution was then quantified by ferrozine assay [20]. Samples taken for dissolved Fe(II) quantification were centrifuged at 12,100× g for 5 min to separate solids from solution, and then the supernatant was placed in 0.5 M HCl. Dissolved Fe(II) in this solution was then quantified by ferrozine assay. To observe the effects of anoxic/oxic cycling on the community and Fe oxidation state, selected incubations were flushed with 3–6 headspace volumes of filter-sterilized (0.2 µm) air after 91 days of anoxia, with headspace replacement weekly for the remainder of the experiment.




2.3. 16S rRNA Gene Sequencing and Analysis


Genomic DNA was extracted from the samples using the DNeasy PowerLyzer PowerBiofilm Kit (Qiagen, Germantown, MD, USA). Subsamples from the replicate incubations were pooled before DNA extraction. Two replicates from anoxic and oxic incubations were prepared. PCR amplification of the 16S rRNA V4 region using the 515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) primers [21] was performed using unique barcodes along with Illumina adapter sequences (Integrated DNA Technologies, Coralville, IA, USA). Amplification was performed using a Mastercycler Nexus Gradient (Eppendorf, Enfield, CT, USA) with a 3 min 94 °C hot start, followed by 30 cycles of denaturing at 94 °C for 45 s, annealing at 50 °C for 60 s, and then a 72 °C extension for 90 s, followed by a final extension step at 72 °C for 10 min. The PCR products were gel-purified and quantified using a Qubit dsDNA HS Assay Kit (Life Technologies, Waltham, MA, USA). Samples were then sequenced on an Illumina MiSeq with paired-end 250 bp reads. Taxonomic assignments were determined by processing the raw sequences through QIIME 2 2020.2 [22] using the q2 quality filter and deblur plugins for the quality filter [23,24] and the q2-feature-classifier plugin [25,26] called classify sklearn taxonomy classifier, which was trained against the Greengenes 18_8 99% OTUs reference sequences to assign taxonomies to the raw sequences [25,27]. Figures were produced using the ggplot2 [28] and RColorBrewer [29] packages in R 4.1.1 [30].




2.4. Shotgun Metagenomic Sequencing and Analysis


For metagenomic DNA sequencing, genomic DNA was extracted from the samples as described. Subsamples from batch incubation replicates were pooled before DNA extraction. Libraries were prepared using Illumina DNA Prep, (M) Tagmentation library preparation kit (Illumina, San Diego, CA, USA) [31] following the manufacturer’s user guide. Initial DNA concentrations were evaluated using the Qubit dsDNA HS Assay Kit (Life Technologies, Waltham, MA, USA). Because of the low DNA yield from the oxic incubation, whole-genome amplification was performed using the REPLI-g Midi Kit (Qiagen, Germantown, MD, USA). The linear amplified DNA was then cleaned using DNEasy PowerClean Pro Cleanup Kit (Qiagen, Germantown, MD, USA), and the DNA concentration was analyzed again. Libraries were prepared for each sample by using 30–50 ng DNA, which underwent simultaneous fragmentation and addition of adapter sequences. These adapters were used during a limited-cycle PCR in which unique indices were added to the sample. Following the library preparation, the libraries were pooled in equimolar ratios of 0.6 nM and sequenced paired-end for 300 cycles using the NovaSeq 6000 system (Illumina).



The raw metagenomic reads were then trimmed, assessed, assembled into contigs, quality-assessed, binned into putative genomes, quality-assessed again, and quality-filtered (≥80% completeness and ≤10% contamination). Bins were extracted as assemblies and taxonomies of both metagenome-assembled genomes (MAGs), and raw reads were assigned using Kbase 2.6.4 [32]. The following applications were used for each step, respectively: Trimmomatic (v0.36) [33], FastQC (v0.11.9), metaSPAdes (v3.15.3) [34,35], CheckM (v1.0.18) [36], MetaBAT2 Contig Binning (v1.7) [37], CheckM (v1.0.18) [36], extract bins as assemblies from BinnedContigs (v1.0.2) [32], GTDB-Tk (v1.7.0) [38,39,40], and Kaiju (v1.7.3) [41,42]. GTDB-Tk assigned taxonomies to each MAG by comparing the marker genes of each assembled genome to the Genome Taxonomy Database, which is constructed using RefSeq and Genbank genomes [38]. Kaiju used protein-level classification to assign taxonomies to each sequencing read by comparing read sequences to the NCBI RefSeq database of completely assembled bacterial, archaeal, and viral genomes [41]. Functional gene annotation of MAGs was then performed using FeGenie (v1.2) [43] to identify gene encoding processes involved in Fe metabolism and LithoGenie, an HMM set within MagicLamp (v1.0) [44], to identify other redox genes. Figures were produced in R 4.1.1 [30] using the ggplot2 [28] and cowplot [45] packages.





3. Results and Discussion


Batch incubations were prepared using synthetic pore water and pulverized BIF and inoculated with sub muros under anaerobic (anoxic) conditions. Two sets of incubations and two sets of uninoculated controls were prepared, and Fe(III) reduction was allowed to proceed. Dissolved and total Fe(II) were measured throughout to quantify Fe(III) reduction. After a period of 91 days, one set of incubations and one set of controls were aerated to simulate the anoxia/oxia cycling that occurs in IFCs (labeled “oxic”). The other incubations and controls remained anoxic for an additional 82 days.



3.1. Fe(III) Reduction under Anoxic Conditions


When BIF was incubated with sub muros and remained anoxic, dissolved Fe(II) reached ~2 mM, with a maximum Fe(II) concentration after 37 days (Figure 1A). The variation in both dissolved and total Fe(II) concentrations among these treatments is attributed to the heterogeneity of the sub muros and two BIF samples from nearby separate IFCs. Because of the variation and lower values, the dissolved Fe(II) for each replicate was plotted separately, but the total Fe(II) was plotted as an average to represent an average IFC which may contain a variety of BIFs. Dissolved Fe(II) remained at a concentration of 1–2 mM in the anoxic treatment for the remainder of the experiment (Figure 1A). Minimally dissolved Fe(II) accumulated in the uninoculated controls (Figure 1A). Total Fe(II) accumulated to ~8 mmol/L in the anoxic incubations (Figure 1A), with a pH of 6.8 following Fe(III) reduction, whereas the total Fe(II) in the anoxic controls was 0.5–4.5 mmol/L (Figure 1B) with a pH of 7.3. The pH of the oxic incubations was 7.5 following repeated aeration, suggesting that O2 exposure slightly increases pH but remains circumneutral. While Fe(III) reduction was halted when O2 was introduced, the available Fe(II) was not completely oxidized during the 82 days of weekly headspace exchange (Figure 1). The decrease in dissolved Fe(II) indicates that oxidation occurred following aeration, and it is possible that some chemical or microbial interaction, such as Fe(II) sorption/complexation with silica in the BIF, stabilized the solid associated Fe(II) [15,18,19]. The fact that the pH remained circumneutral in both treatments suggests that the amount of Fe(III) reduction in the inoculated samples was not sufficient to affect the pH, as was previously reported [14].



In the anoxic treatments, only 1.4% of the total BIF-Fe(III) was reduced, whereas prior experiments using canga as the source of Fe(III) yielded a 3.8% reduction in the total Fe(III) [1,13]. This difference in Fe(III) reduction can be attributed to the differing microbiological reducibility of the Fe(III) phases in BIF versus canga [1]; BIF is primarily composed of hematite, whereas canga is primarily composed of goethite. The reducibility differences have been attributed to the surface area of crystalline hematite compared to the much higher surface area of poorly crystalline goethite [46]. Because of the variation in O2 availability that occurs within canga, it is also likely that, at a given time, a significant proportion of reducible Fe(III) may be present as ferrihydrite because of its precipitation from available Fe(II). Ferrihydrite (5 Fe2O3.9H2O) is a poorly ordered Fe(III)-oxide that is likely to be precipitated first and is more reducible than goethite [47,48]. If this was the case, the reducibility of canga would be greater than previous studies have suggested.



Urrutia et al. [19] demonstrated that layered silicates prevented Fe(II) sorption to Fe(III)-oxides and cell surfaces; their results suggest that other Fe(II) ligands, such as humic acids, could have a similar effect. In IFCs, this would mean that the presence of silicates in BIF could prevent Fe(II) sorption to Fe(III)-oxides in BIF, leading to greater extents of Fe(III) reduction. In addition, if Fe(II) is not adsorbed to Fe(III), it can be more easily washed away by groundwater. Wolthoorn et al. [15] found that when anoxic groundwater with a pH > 7 containing PO43, Mn, silicate, or fulvic acid was aerated, Fe(II) oxidation was slowed and led to the formation of potentially mobile Fe colloids. In IFCs, because stream waters have circumneutral pH and the host rock is composed of silicate and Fe(III)-oxides, it is likely that Fe(II) traveling in streams or groundwater would oxidize more slowly than if silicate was not present because of the formation of Fe-Si colloids, which are more resistant to Fe(II) oxidation. This may be why there is no significant Fe(II) oxidation occurring in streams, leading to Fe(III)-oxide precipitation and a reduction in stream pH. Similarly, Kinsela et al. [18] found that Fe(II) oxidation was progressively slowed by increasing concentrations of dissolved silicate with a pH range of 6.0–7.0, and the primary Fe(II) oxidation product transitioned from lepidocrocite to a ferrihydrite/silica–ferrihydrite composite. Their results suggest that Fe(II) was sorbed to silica–ferrihydrite solids by weaker, non-specific, outer-sphere sorption complexes compared to lepidocrocite [18]. In IFCs, this could mean that the reason why Fe(II) does not oxidize in streams is because it is weakly sorbed to silica–ferrihydrite solids, making it resistant to oxidation. These studies demonstrate the interactions of Fe(II) and Si, which may lead to slower Fe(II) oxidation rates at a circumneutral pH and may suggest that a similar chemical interaction led to the limited oxidation of solid-associated Fe(II) in this study. These interactions would stabilize Fe(II) in streams/groundwater in IFC environments, allowing Fe(II) mobilization and preventing Fe(II) oxidation in surface streams.




3.2. Changes in the Microbial Community Composition


To examine the influence of changing conditions on microbial community profiles, DNA was extracted from sub muros and inoculated incubations for 16S rRNA gene sequencing. Illumina iTag sequencing of the sub muros inoculum microbial community indicated that it comprised Betaproteobacteria, Gammaproteobacteria, Bacteroidetes, Actinobacteria, and <10% Alphaproteobacteria, Acidobacteria, Chloroflexi, Firmicutes, and Planctomycetes. A past examination of this community revealed an active Fe(III)-reducing community in sub muros that appears to be sustained through the oxidation of organic carbon derived from the extensively vegetated soil above [4,13]. After allowing Fe(III) reduction to proceed for several months under anoxic conditions, the microbial community in the sub muros appeared to have become dominated by the Firmicutes (97%) (Figure 2), with some Actinobacteria (1.5%) and Proteobacteria (0.3%). The dominant members of the Firmicutes identified were Peptococcaceae, Paenibacillaceae, and Clostridiaceae. However, the dominance of Firmicutes seems to have been overestimated, as can be seen when compared to their abundance of 23% by metagenomic sequencing methods (Figure 3). Previous studies using sub muros or other IFC biofilms/sediments have similarly resulted in the enrichment of Firmicutes under Fe(III)-reducing conditions [4,13], although they were not abundant in the initial inoculum. Parker et al. [4] observed a greater extent of Fe(III) reduction when cultures were grown in glucose-containing medium, and Fe(III) reduction was enhanced by the addition of H2 [4].



When the microbial community was aerated following anoxic incubation for 91 days, the microbial community composition shifted from this Firmicutes-dominated population, showing an increase in members of the Actinobacteria. Oxic cultures showed an increase in Betaproteobacteria (Figure 2). The increase in these phyla along with a reduction in Fe(II) suggests that the community shifted from a fermentative Fe(III)-reducing Firmicutes to a composition more commonly associated with aerobic heterotrophic metabolism.




3.3. Metabolic Potential of Anoxic and Oxic Treatments


To understand the metabolic changes that were occurring in the community under the established conditions, we performed metagenomic sequencing. There was an insufficient amount of DNA for metagenomics in the subsamples used for PCR; therefore approximately 6 months after the end of the initial experiment, the entire culture was extracted. Initially, we used metagenomic data to assign taxonomies to the raw sequence reads. Using this approach, the metagenomic sequencing data indicated that the sub muros community identified using Kaiju comprised Alphaproteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, Betaproteobacteria, Gammaproteobacteria, and <5% Firmicutes, Planctomycetes, and Chloroflexi (Figure 3A). Compared to 16S rRNA gene sequencing, taxonomic assignments of our metagenomic reads indicated greater proportions of Alphaproteobacteria and Acidobacteria and a lower proportion of Betaproteobacteria. Other compositional differences between the two sequencing methods were minimal (Figure 2 and Figure 3). These results suggest that some PCR bias occurred when analyzing the sub muros or that the community changed slightly during the 6 months between sequencing methods.



There was a lower proportion of Firmicutes, with a community dominated by Alphaproteobacteria (50%), along with Firmicutes (23%), <10% Actinobacteria, Betaproteobacteria, Gammaproteobacteria, and Acidobacteria, when metagenomic read sequencing was used to classify taxonomies in the anoxic community using Kaiju compared to 16S rRNA gene sequencing (Figure 3A). The discrepancy between 16S rRNA gene sequencing and shotgun metagenome sequencing is thought to be due to an overestimation of Clostridia; previous studies have found Clostridia abundances from primer-based sequencing methods to be two to three times that of metagenomic methods [49]. The overestimation of Clostridia by 16S rRNA V4 region amplification may be due to the use of perfectly complementary primers [50]. Nevertheless, Firmicutes make up approximately 23% of the anoxic community based on metagenomic read sequencing, which is higher than that in the sub muros, indicating the enrichment of Clostridia regardless of the sequencing method. Bacteroidetes and Planctomycetes were also abundant in the sub muros inoculum but were in lower relative abundances upon incubation under anoxic conditions (<1%) (Figure 2 and Figure 3A). In the cultures that were aerated, taxonomic assignments identified using Kaiju based on metagenome sequence reads indicated a similar community structure to that obtained by PCR amplification, with higher relative abundances of the Betaproteobacteria measured by metagenomic sequencing compared to 16S rRNA sequencing. The remainder of the community was composed of <10% Bacteroidetes, Alphaproteobacteria, Chloroflexi, Actinobacteria, Acidobacteria, and Planctomycetes according to metagenomic sequencing using Kaiju (Figure 3A). The differences in relative abundances of Betaproteobacteria and Actinobacteria in oxic incubations between sequencing methods may be due to the community shifting during the months between samplings.




3.4. Metagenome Assembled Genome Analyses


We demonstrated the potential for Fe(III) reduction in the sub muros community based on metagenomics [14]. To identify which species might be involved in these activities, we analyzed MAGs from the sub muros and each treatment. Following quality filtering of metagenomic bins to include only genomes with 80% minimum completeness and 10% maximum contamination, the sub muros library included 17 MAGs from the 31 bins, the anoxic library included 20 MAGS from the 41 bins, and the oxic library included 2 MAGs from the 15 bins. Detailed taxonomic classifications of MAGs from GTDB-Tk and quality information from CheckM are shown in Supplementary Table S1. Not all taxonomies identified using read sequences were represented in the MAGs. Some taxas with lower abundances did not result in the development of a MAG, likely due to low sequencing coverage. An analysis of the MAGs from sub muros did not reveal any known Fe(III) reduction or probable Fe(III) reduction genes through FeGenie (Figure 3B). Similarly, previous metagenomic analysis of sub muros from another IFC did not demonstrate an enrichment in genes associated with iron metabolism, but three MAGs associated with the Betaproteobacteria, Chloroflexi, and GAL15 were found to encode heme-binding Cys-X-X-Cys-His heme-binding motif-containing proteins [14].



For bacteria to transfer electrons to external compounds, such as Fe(III)-oxides, they must make direct contact with electron acceptors or secrete redox-active mediators [51]. C-type cytochromes are thought to be important mediators in microbial iron reduction by transferring electrons to other multiheme cytochromes and therefore across the periplasm and through the outer membrane [52]. Some bacteria lose their ability to reduce Fe(III)-oxides when certain c-type cytochrome (omcS and omcE) genes are deleted [53]. The importance of c-type cytochromes, such as Cys-X-X-Cys-His, in Fe(III) reduction and the presence of these protein-encoding sequences in past sub muros MAGs suggest that extracellular electron transfer and dissimilatory Fe(III) reduction pathways may be present in sub muros but involve poorly characterized iron reduction genes.



In this analysis, we also identified the presence of Fe(II) oxidation genes in Alpha- and Gammaproteobacteria MAGs (Figure 3B), and O2 reduction genes were detected in every MAG (Figure 3C), suggesting the potential for aerobic Fe(II) oxidation, and more broadly, aerobic metabolism in sub muros. The lack of genes involved in Fe(III) reduction may be a result of the current limitations of shotgun metagenomic analysis or may indicate that anaerobic metabolisms were not dominant in the sub muros at the time of collection, perhaps due to the depletion of Fe(III) in the sub muros or the intrusion of O2 [14]. The latter would suggest that as the reduction in Fe(III) proceeds in sub muros, the community shifts in response to Fe(III) availability and may act as an indicator of the maturity of the sub muros.



An analysis of the MAGs in the anoxic incubation detected Fe(III)-reducing functional genes in Firmicutes (class Thermincolia, orders Carboxydocellales and Thermincolales) (Figure 3B). Fermentative Firmicutes may use Fe(III)-oxide as an electron sink to maintain redox poise rather than using it as a respiratory substrate [54,55]. They may also form syntrophic relationships with H2-cosuming, Fe(III)-reducing, or sulfate-reducing organisms, which oxidize H2 produced by the fermentative organisms to reduce metals [9,54]. The majority of Firmicutes MAGs possess [FeFe] hydrogenases, which catalyze H2 production [56] from the oxidation of lactate to acetate [57]. The H2 can then be used as an electron donor for Fe(III) or sulfate reduction [58]. This indicates that fermentative Firmicutes may drive Fe(III) reduction by maintaining redox poise or via interspecies hydrogen transfer to Fe(III) or sulfate reducers. Indeed, previous studies have shown Fe(III) reduction by IFC microbial communities to be enhanced by, rather than limited by, the addition of H2, suggesting that hydrogen oxidation has a role in these environments [4]. Lentini et al. [59] proposed fermentative Fe(III) reduction to be more significant than respiratory Fe(III) reduction for the reduction of crystalline Fe(III)-oxides, such as goethite [59]. Fermentative Fe(III) reduction has been implicated in several studies of the iron formation regions of Brazil [4,9,13]. Because the current study and our previous studies have found an abundance of fermentative bacteria and dominance by Firmicutes [4,60], it is likely that fermentative Firmicutes drive Fe(III) reduction in these incubations and possibly in IFCs.




3.5. Fe(III)-Reducing Potential of Acidobacteria


Acidobacteria were abundant in the sub muros likely due to the acidic conditions there, with a pH of approximately 4.8, which is optimal for the growth of these acidophilic microbes, as indicated by the identities of their MAGs. Interestingly, despite being a relatively small fraction of the anoxic community, we retrieved two MAGs from the Acidobacteria (family Bryobacteraceae) from the anoxic incubations (Figure 3). These MAGs contained probable Fe(III) reduction and hydrogenase genes (Figure 3). Given their high abundance in sub muros and in IFC biofilm/sediment samples from a previous study [4], Acidobacteria may couple H2 oxidation with the Fe(III) reduction that occurs in IFCs. Several Acidobacteria can reduce Fe(III), but many of their metabolic processes and ecological functions remain largely unexplored [61,62]. These Fe(III)-reducing Acidobacteria include Acidobacterium capsulatum and several other Acidobacterium-like isolates [62]. Other Fe(III)-reducing Acidobacteria include Geothrix fermentans [51,63,64]. Some members of Acidobacteria also harbor dsrAB, which is involved in the reduction of sulfate and other sulfur oxyanions [65,66,67,68], which could drive Fe(III) reduction. Indeed, sulfate reduction genes were detected in the Acidobacteria (family Bryobacteraceae) MAG (Figure 3C). Given these observations, the abiotic reduction of Fe(III) by biogenic sulfide could be a mechanism of Fe(III) reduction in IFCs, where sulfate and sulfur have been detected [11].




3.6. Uncharacterized Fe(III)-Reducing Potential of Alphaproteobacteria


Other components of the microbial community may reduce Fe(III) via uncharacterized metabolic pathways. Several electron transfer strategies involved in Fe(III) reduction remain unclear [69]. For instance, electron transfer via microbial extracellular structures and excreted compounds is not fully understood [69]. Additionally, some operons may contain genes involved in Fe(III) reduction, but due to ambiguities in their function, they are treated with caution as a possible Fe reductase/oxidase by FeGenie [43]. FeGenie can only detect previously documented Fe(III) reduction genes that were used in the development of the FeGenie database hidden Markov models (HMMs). There are no other publicly available HMMs for iron reduction and oxidation genes, with the exception of mtrB and mrtC, which are in the TIGRFAMS HMM database [43]. As such, there may be other organisms that are capable of Fe(III) reduction but whose genes have not been identified.



Two taxonomic classification tools were used for metagenomic sequence analysis. Kaiju classifies raw sequence reads by assigning each to a taxon in the NCBI taxonomy using protein-level classification, whereas the Genome Taxonomy Database Toolkit (GTDB-Tk) requires binned contigs/assembled genomes and can assign taxonomies to individual MAGs [41]. When metagenomic sequences from the anoxic incubation were taxonomically classified using Kaiju Rhizobiales, Sphingomonodales, Rhodobacterales, and Rhodospirillales were identified as abundant members of the Alphaproteobacteria (Supplementary Figure S1). A relative of the Kaiju-identified Alphaproteobacteria, Telmatospirillum (order Rhodospirillales), was recently discovered to possess Fe(III) reduction genes through a metagenome analysis [9]. The MAG of Telmatospirillum encodes metal transfer reductases, as well as novel, multi-heme outer membrane cytochromes for extracellular electron transfer, presumably to Fe(III) in canga [9]. Because Fe(III)-reducing members of the Alphaproteobacteria are still being discovered, it is possible that there were Fe(III)-reducing Alphaproteobacteria in our incubations, but Fe(III) reduction genes were not observed because of their novelty. Gagen et al. (2019) used a combination of Prokka, Prodigal, EnrichM, and BLAST to identify Fe(III)-reducing genes in Telmatospirillium. The potential Fe(III)-reducing abilities and relatively high abundance in sub muros may indicate that members of Alphaproteobacteria contribute to Fe(III) reduction in both IFC environments and our batch incubations.




3.7. The Effects of Aeration on the Microbial Community


A goal of this study was to examine the impact of aeration on the community structure and Fe(III)-reducing communities. Metagenomic sequencing of the oxic incubations yielded only two MAGs after quality filtering, likely due to a low DNA yield; however, the species identified were from phyla that were present in both the sub muros and anoxic cultures (Figure 2 and Figure 3). Although Fe(II) oxidation genes were detected in two Gammaproteobacteria MAGs within sub muros, and following aeration, a similar proportion of Gammaproteobacteria remained (Figure 3A), no Fe(II) oxidation genes were detected in the assembled anoxic MAGs. Nonetheless, the identified Firmicute MAGs retained the genes necessary for Fe(III) reduction (Figure 3B), which may be related to the ability of members of this phylum to sporulate following stressful conditions, meaning the community would maintain the ability to reduce Fe(III) following aeration. MAGs from both anoxic and oxic incubations were identified as Carboxydocellales, and genes necessary for Fe(III) reduction and hydrogen oxidation were identified in these MAGs (Figure 3). The persistence of both genes suggests that Carboxydocellales may couple Fe(III) reduction and hydrogen oxidation. The identification of hydrogen oxidation genes in nearly every MAG indicates the ability of the community to remove access H2 formed during fermentation, avoiding the thermodynamic limitations associated with H2 accumulation [4,70]. Firmicutes were abundant in anoxic incubations and remained abundant in oxic incubations after several months of O2 exposure (Figure 3A). These results indicate the rebound potential of the microbial community and their ability to respond to O2 depletion or availability, allowing them to survive in constantly fluctuating conditions.




3.8. Other Metabolic Characteristics of MAGs


There appears to be more to the sub muros than just iron metabolism, and the MAG identities of each incubation may provide insights into the other metabolic potentials of the microbial community. MAGs assembled from sub muros mostly include members of Acidobacteriaceae (subdivision 1), Actinobacteria, Bacteroidia, Alphaproteobacteria, and Gammaproteobacteria (Burkholderiaceae and Xanthomonadales) (Supplementary Table S1). Most of these taxa are widely distributed in soil and are known for their interactions with plant matter.



Acidobacteria are common soil bacteria, and their abundance seems to be correlated with organic carbon availability [71], Subdivision 1 Acidobacteria are abundant in acidic environments, and their abundance is negatively correlated with C, P, and N availability [71,72]. Actinobacteria are widely distributed in soils and are known for their role in plant residue degradation [73]. They have been shown to play key roles in plant residue decomposition despite not dominating the community. MAGs identified as Bacteroidia were classified as either Sphingobacteriaceae or Chitinophagaceae (Supplementary Table S1); both are diverse families whose members are often found in soil and are associated with plants.



MAGs identified as Alphaproteobacteria included members of Mesorhizobium, Azospirillales, Phyllobacterium, and others. Members of Mesorhizobium and Azospirillum are known to form symbiotic relationships with plants and are responsible for nitrogen fixation in root systems [74,75,76]. Phyllobacterium are also associated with plants and are able to reach higher concentrations in warm, moist, and humid tropical environments, like those where IFCs occur [77]. MAGs identified as Gammaproteobacteria included members of Burkholderiaceae and Xanthomonadales (Supplementary Table S1). Some members of Burkholderiaceae are beneficial to plants, whereas others are pathogenic [78]. Xanthomonadales are diverse, but some are also commonly found in soil and water, and some species are plant pathogens [79,80].



MAGs assembled from anoxic and oxic treatments included many of the same members described above, with the addition of Firmicutes. Firmicutes are associated with the rhizosphere, with some being identified as fermentative organisms, and some found dominating iron-reducing cultures [81,82,83,84]. In addition, many Firmicutes can form endospores, allowing them to survive periods of environmental stress and desiccation [85]. This ability would allow Firmicutes to better survive the annual dry season that occurs in Minas Gerais, Brazil and is thought to cause sub muros to lose moisture for several months.



The majority of MAGs assembled from sub muros belong to taxonomies that are known for their association with plants and soil. This suggests that much of the community enters from the overlying soil or is supported by nutrients from the overlying soil, resulting in the enrichment of these taxa. Because of the heterogeneity and diversity of soil, this results in the complex inoculum (sub muros) that we observe in IFCs. This is reflected in the community’s ability to shift in response to changes, such as fluctuating O2 availability, saturation, and carbon availability. The geochemistry of IFCs appears to be profoundly influenced by the soil microbes above, though the details of these interactions and exchanges between the soil microbes and the sub muros are currently unclear.





4. Conclusions


In this study, we determined the effects of alternating O2 availability on Fe redox processes and on the sub muros-associated microbial community of IFCs to determine whether the periodic cycling of O2 into the system is consistent with the proposed mechanism of cave formation, as illustrated in Figure 4. During a period of anoxia, the microbial Fe(III) reduction of BIF-associated Fe(III)-oxides occurred, and members of the Alphaproteobacteria and Firmicutes were enriched; fermentative Firmicutes have been demonstrated to be responsible for Fe(III) reduction observed in previous experiments [4,13]. The detection of sulfate reduction genes in all incubations suggests that sulfate reduction has a significant role, which could occur concurrently with organic carbon fermentation. This process would also drive Fe(III) reduction through an abiotic reaction in which the sulfide produced during sulfate reduction chemically reacts with Fe(III)-oxides, producing Fe(II) and sulfur [86,87] (Figure 4). The enrichment of Alphaproteobacteria and the observation of Fe(III) reduction genes in the MAG of Telmatospirillum (Rhodospirillales of the Alphaproteobacteria; Gagen, Zaugg et al. (2019)), suggest that Alphaproteobacteria may have reduced Fe(III) in our incubations, but may contain as yet poorly described Fe(III)-reducing genes that were not detected. Although they were not enriched in our anoxic and oxic incubations, Acidobacteria appear to be FeRMs in IFC environments because of their abundance in sub muros and other IFC environmental samples, the possession of probable Fe(III) reduction genes in a MAG from anoxic incubation, and because some members are already established as FeRMs [51,62,63,64].



Following aeration, the partial oxidation of dissolved Fe(II) occurred, but solid-associated Fe(II) oxidation was minimal (Figure 4). It is likely that a chemical sorption/adsorption/complexation interaction stabilized solid-associated Fe(II), preventing complete oxidation. These chemical interactions may stabilize Fe(II), preventing oxidation and allowing mobilization through circumneutral streams (Figure 4). This may be why notable Fe(II) oxidation does not occur in IFC streams and stream water does not become excessively acidic. After the addition of O2 to anoxic incubations, the community composition shifted from the Firmicutes/Alphaproteobacteria-enriched anoxic community to a community more similar to that found in sub muros, which may represent the use of O2 as the terminal electron acceptor (Figure 4), but maintained the genes necessary for Fe(III) reduction. This suggests that the community, and Firmicutes in particular, can survive O2 intrusion and return to Fe(III) reduction. Incomplete Fe(II) oxidation combined with the ability of the community to return to reducing Fe(III) after O2 intrusion suggest a process for enhanced Fe(II) export from IFC systems.



By mimicking the changes in O2 availability that occur in sub muros due to seasonal changes and exothenic biospeleogenetic events, we were able to gain insights into what occurs during these events. We found that anoxia/oxia cycling affected the microbial community, causing it to shift between anaerobic and aerobic processes. Despite this cycling, Fe(III) reduction could proceed during periods of anoxia, and most of the biogenic Fe(II) seemed to be stabilized, likely by interactions with silica, which prevented the oxidation of most of the Fe(II) (Figure 4). Because Fe(II) was not oxidized, it could be mobilized by groundwater, leading to the formation of IFCs in the iron formation regions of Brazil.
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Figure 1. Dissolved (A) and total (B) Fe(II) concentrations in uninoculated (green) and sub muros-inoculated (red) anoxic incubations. Black vertical line indicates time at 91 days when cultures were aerated (blue). Panel (A) represents dissolved Fe(II) concentrations from replicates of three separate incubations. Panel (B) represents average total Fe(II) concentrations from three separate incubations, with error bars that represent one standard deviation. 
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Figure 2. Taxonomic distribution of sub muros material, anoxic batch incubation, and oxic batch incubation as determined by 16S rRNA iTag sequencing. Shift in microbial diversity represented at phylum level when sub muros population was subjected to anoxic, Fe(III)-reducing conditions and when anoxic population was subjected to O2 exposure. Two replicates from anoxic and oxic batch incubations are included. 
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Figure 3. Taxonomic distribution from shotgun metagenome read sequences (A) and heatmap of (B) FeGenie-identified Fe reduction/oxidation and (C) LithoGenie-identified reduction/oxidation functional gene summaries identified in sub muros material, anoxic batch incubation, and oxic batch incubation MAGs as determined by shotgun metagenome sequencing. Phylum-level taxonomic assignments and highest taxonomic resolution assignments are shown for each MAG. Level of highest taxonomic resolution is represented following assignment where (O) represents order, (F) represents family, and (G) represents genus. Normalized gene abundances are represented by dot size and color. 
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Figure 4. Schematic diagram illustrating cyclic geochemical and microbial processes that we propose occur in sub muros and which correspond to seasonal changes. Bacterial cells are represented by white ovals. Fe(III)-oxides are illustrated as rust-colored asymmetric shapes, silica/silicates are illustrated as gray circles labeled “Si”, Fe(II)/Si complexes are hypothesized and illustrated as blue asymmetric shapes, and both solid and dissolved Fe(II) are illustrated as tan circles labeled “Fe(II)”. Some microbial reductive processes are shown with solid arrows, while abiotic processes are shown with dashed arrows. Infiltration of organic carbon-rich pore water into sub muros during wet season is illustrated as blue “fluid” between minerals and cells. Removal of Fe(II) during rain events is indicated by arrows and “Flow” indicators. Drying of sub muros during dry season is illustrated as brown areas around minerals and cells. Photo by Hazel A. Barton. 
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