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ABSTRACT 

Challenges to the reclamation of pyritic mine tailings arise from in-situ acid generation 

that severely constrains natural revegetation. While microbial communities that participate in 

acid generation through iron and sulfur (FeS) oxidation in acidic aquatic environments are well 

studied, relatively little information is available concerning the initial dynamics of in-situ soil 

acidification due to microbial FeS oxidation that occur in moderately acidic conditions. This 

research characterizes the taxonomic composition and behavior of microbial FeS oxidizing 

communities across a pH gradient from moderately acidic to highly acidic environmental 

conditions. We combine results from a 7-year compost-assisted phytostabilization field study 

with a controlled microcosm enrichment experiment that was conducted in an artificial soil 

matrix to follow the influence of pH on development of the soil microbiome. Microcosm results 

show that biological activity significantly increases the acidification rate in moderately acidic pH 

conditions in comparison to abiotic controls. Taxonomic profiles of the microbial communities 

in the microcosms and from the field study reveal that populations associated with both 

heterotrophic and lithotrophic activity (Alicyclobacillaceae, Acetobacteraceae and 

Xanthomonadaceae) dominate during acidification in moderately acidic conditions. These results 

suggest that chemoheterotrophs are an important element of the microbial community that help 

enable, directly and indirectly, lithotrophic FeS oxidation across moderately acidic conditions. 

Taken together, this research suggests that shifts of microbial populations associated with pH 

transitions have the potential to be used as bioindicators of the present and future status of the 

phytostabilization process.  
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considerations for developing the elusive self-sustaining, long term 
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1.0 Introduction 

Metalliferous mining has left its mark on disturbed landscapes across the globe as 

thousands of mine sites have degraded the local environment through pollution of soil, surface 

water and ground water resources (Franks et al., 2011; Li, 2006; Rico et al., 2008; U.S. 

Government Accountability Office, 2011). Mine tailing storage facilities, areas where finely 

ground processed ore are permanently deposited, represent one of the largest hurdles in any mine 

reclamation project. Reclamation strategies are designed to prevent the physical transport of 

contaminants from mine tailing material into the broader environment while re-establishing 

native vegetation on the disturbed land. (Hobbs, 2007; Johnson and Hallberg, 2005). The 

primary challenge in establishing vegetative growth on mine tailings from sulfide ore stems from 

a high acid generating potential and elevated concentrations of heavy metals that together act to 

impede natural and engineered reclamation of mine tailings (Lu and Wang, 2012).  

In response to these challenges, phytostabilization has been developed as a method of 

directly seeding plants into mine tailing material after the addition of soil amendments (Salt et 

al., 1995; Wong, 2003). Vegetation establishment promotes soil stabilization through structure 

development and plant root growth within the mine tailing material (Mendez and Maier, 2008; 

Zanuzzi et al., 2009). Nutrients from soil amendments are tilled directly into the surface layer of 

mine tailings and promote short term plant growth capable of stabilizing and preventing aeolian 

and fluvial dispersion of mine tailing material.  While phytostabilization  has had exciting 

potential as a technology over the past 20 years, the challenges posed from mine tailing 

properties make the establishment of self-sustaining plant growth elusive (Conesa et al., 2012). 
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Long term success of phytostabilization is then dependent on the establishment of a soil 

matrix capable of carrying out the necessary soil functions that support continual plant growth 

(Huang et al., 2012). Raw mine tailings lack plant growth promoting ecosystem components and 

therefore reclamation needs to be approached as the establishment of an incipient ecosystem 

capable of self-supported plant growth (Bradshaw, 1983; Li and Huang, 2015). The foundation 

of the innate microbial ecosystem in highly pyritic mine tailings is predominantly a microbial 

community of lithotrophic acidophiles that supports the continual oxidation of reduced iron and 

sulfur causing the formation of acid mine drainage (AMD) (Bacelar-Nicolau and Johnson, 1999; 

Katrina J. Edwards, 1999; Schippers et al., 2010). The addition of compost soil amendments and 

organic matter during phytostabilization can suppress this lithotrophic community while 

introducing a plant growth promoting microbial community within the amended soil substrate 

(Li et al., 2015; Marchand and Silverstein, 2002). However, acid generation can quickly render 

amended land acidic which re-establishes a microbial community dominated by acidophiles 

utilizing inorganic energy sources. Acidification of amended land is a key impediment to long 

term revegetation success. While further soil amendments, such as agricultural lime, can act to 

buffer soil pH and prevent acidification, plant growth and development of the associated 

microbiome shows promise to be a more cost effective measure to prevent acidification (Li et al., 

2016b; Solís-Dominguez et al., 2012; Valentín-Vargas et al., 2014).  

The composition of the subsurface microbial community is intricately linked to the above 

ground plant growth success (Glick, 1995). On a fundamental level, mine tailing reclamation 

provides an opportunity to study the competing microbial community dynamics between 

lithotrophic acidophiles and neutrophilic plant growth promoting bacteria. For example, how 

does a lithotrophic microbial community respond to a sudden increase in organic matter from 
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compost amendment?  By better understanding how these two communities and their associated 

functional pathways interact in response to phytostabilization, the long term sustainability of 

plant growth on reclaimed pyritic mine tailings may be better assured.  
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2.0 Biogeochemistry of pyritic mine tailings 

The excavation and exposure of reduced iron and sulfur from below ground to 

atmospheric conditions initiates the formation of AMD that can last for decades (Lu and Wang, 

2012). Abiotic and biotic chemical reactions form a web of dissolution reactions for metal 

sulfide mineral phases, such as pyrite (FeS2), and the concurrent generation of acidity. The 

overall dissolution process of pyrite is often generalized through the following three equations 

(Moses and Herman, 1991; Salomons, 1995; Schippers, 2004): 

2𝐹𝑒𝑆2 + 7𝑂2 + 2𝐻2𝑂 → 2𝐹𝑒2+ + 4𝑆𝑂4
2− + 4𝐻+ (1) 

𝐹𝑒𝑆2 + 14𝐹𝑒3+ + 8𝐻2𝑂 → 15𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (2). 

4𝐹𝑒2+ + 𝑂2 + 4𝐻+ → 4𝐹𝑒3+ + 2𝐻2𝑂  (3) 

Both atmospheric oxygen (equation 1) and ferric iron (equation 2) can act as an oxidant 

to pyrite leading to its dissolution in the form of ferrous iron and sulfate. In circumneutral pH 

conditions, the released ferrous iron is quickly oxidized by atmospheric oxygen to ferric iron 

(equation 3). This reaction regenerates the ferric iron reactant necessary to continue the 

dissolution of pyrite (equation 2). As environmental conditions become more acidic, the 

regeneration of ferric iron becomes increasingly catalyzed by microbial oxidation. The rate of 

ferrous iron oxidation in an abiotic system is primarily dependent upon oxygen availability and 

pH. With constant oxygen concentration,  the rate of ferrous iron oxidation decreases linearly 

between pH 6 and 4.5 before transitioning to being independent of pH conditions below pH 3.5. 

(Singer and Stumm, 1970). Meanwhile, microbial oxidation begins accelerating the rate of 

ferrous iron oxidation below pH 5 (Meruane and Vargas, 2003). Ferric iron is a stronger oxidant 

to pyrite and as the solubility of ferric iron increases in more acidic conditions, ferric iron begins 
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to act as the primary oxidant increasing the rate of pyrite dissolution. In acidic conditions, the 

regeneration of ferric iron by iron oxidizing microbes becomes the rate limiting step of pyrite 

dissolution. Concurrently, the oxidation of the sulfide (S-1) in pyrite to sulfate involves the 

transfer of 7 electrons which are mediated through the formation of several reduced intermediate 

sulfur compounds (Schippers, 2004). Ferric iron, again, acts as a primary oxidant to the reduced 

inorganic sulfur compounds, most of which are eventually fully oxidized to sulfate abiotically 

(Balci et al., 2007). A small percentage of more recalcitrant reduced inorganic sulfur compounds, 

such as elemental sulfur, are capable of being formed during this process and may accumulate as 

a passivation layer if not biologically oxidized (Sasaki et al., 1995; Schippers et al., 1996). 

Microbial activity has the capability of fully oxidizing these recalcitrant sulfur intermediates. 

Therefore, while the primary role of microbial communities in acid mine drainage is the 

regeneration of ferric iron, the co-occurrence of both iron and sulfur oxidizing microbial 

populations leads to higher rates of pyrite dissolution (Akcil et al., 2007) 

2.1 The lithotrophic microbial community 

Years of research into AMD microbiology have consistently recognized the importance 

of the two genera, Acidithiobacillus and Leptospirillum, as key iron and sulfur (FeS) oxidizing 

bacteria. In addition, archaea, such as Ferroplasmaceae, are also recognized as iron oxidizers 

commonly present in extremely acidic AMD (Golyshina, 2011).The advent of molecular based 

studies utilizing 16s rRNA amplicon and metagenome sequencing have discovered other novel 

organisms that may be important in microbial FeS oxidation. Chen et al. (2014) describes a 

succession of microbial FeS oxidizing populations that begin in the most acidic conditions with a 

predominance of gen. Acidithiobacillus and Leptospirillum, while in less acidic conditions the 

prevalent genera associated with FeS oxidation shift to Alicyclobacillus, Thiobacillus and 
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Tumebacillus, as well as sp. Dyella. AMD in acidic conditions (pH 2 – 3) has been studied 

extensively for many decades, while the transition between circumneutral and acidic conditions 

(pH 3 – 6) that Chen describes has only become of recent interest (Korehi et al., 2014). However, 

the understanding of this transitional FeS oxidizing microbial community is of critical 

importance as these are the microbes carrying out lithotrophic activity that will most affect 

phytostabilization plant growth where moderately acidic conditions must be maintained. 

Studying the impact these novel FeS oxidizing bacteria and archaea have on an 

environmental system becomes difficult as many species have overlapping functional abilities. 

For example, sp. Dyella, gen. Acidithiobacillus and gen. Alicyclobacillus have been 

characterized as having the ability to both reduce and oxidize iron (Johnson et al., 2012; Lu et 

al., 2010). Environmental parameters, such as reduction potential, give information on bulk 

conditions, but a gradient between aerobic and anaerobic conditions within soil aggregates create 

microenvironments that facilitate a range of redox reactions (Ranjard and Richaume, 2001). The 

presence and subsequent expression of functional genes has been attempted to better understand 

functional activity of certain populations. For example, the rusticyanin protein, coded by the 

rusA gene, has been closely linked to iron oxidation within A. ferrooxidans. However, the related 

A. ferrivorans species, also capable of iron oxidation, was not found to contain the rusA gene, 

but instead coded for a homologous protein, rusB (Hallberg et al., 2009). Within sulfur 

oxidation, the Sox set of genes have been linked to a number of species that carry out oxidation 

of reduced sulfur directly to sulfate. Unfortunately, a working understanding of the electron 

transport mechanism involved in FeS oxidation across a generalized range of microbes that carry 

out FeS oxidation remains incomplete (Johnson and Hallberg, 2008). 
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3.0 Soil microbiome development: acidophilic or plant growth promoting  

Molecular microbiology studies have brought attention to the importance microbial 

activity has on global ecosystem processes. Metagenomics has enabled the exploration of 

functional potential and gene presence in uncultured microorganisms present in natural systems 

(Tringe et al., 2005). In addition, functional gene microarrays, such as the Geochip, have created 

the ability to compare functional potential across many samples at once (Tu et al., 2014). The 

application of metagenomic and functional gene microarray tools on AMD microbial 

communities has shown a robust functional potential for the ability to obtain their own nutrients 

required for independent growth (Johnson and Hallberg, 2008; Méndez-García et al., 2015). The 

broad functional potential found within acidophilic microbial communities suggests acidophilic 

communities form their own ecosystem like networks of nutrient cycling and energy generation. 

This characterization stands in stark contrast to their initial characterization as a simple microbial 

community (Denef et al., 2010; Johnson et al., 2001).  

3.1 An acidophilic microbiome 

As two key nutrient cycles, carbon and nitrogen cycling activity have consistently been 

used as a litmus test for ecosystem functionality.  Acidophilic microbial communities are 

strongly associated with autotrophic carbon fixation and AMD microbial communities contain a 

range of both facultative and obligate autotrophs (Méndez-García et al., 2015).  Primary 

autotrophs include Acidithiobacillus and Leptospirillum (Chen et al., 2015). Facultative 

autotrophs include a species within the moderate acidophilic genus Alicyclobacillus, which has 

been shown to switch between lithoautotrophic and chemoheterotrophic metabolisms (Yahya et 

al., 2007). Functional genes present and associated with carbon fixation cluster around the 
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Calvin-Benson-Bassham (CBB) cycle and the reductive citric acid (rTCA) cycle mainly through 

the association of the genomes in the bacteria Acidithiobacillus, Leptospirillum and the archaea 

Ferroplasma (Chen et al., 2013; Johnson and Hallberg, 2008).  Heterotrophic acidophiles within 

the genus Acidiphilium are well characterized and play a key role in eliminating accumulated 

fixed carbon which can act to inhibit microbial FeS oxidation. When soil amendments to pyritic 

environments include a high influx of organic carbon through compost or sewage sludge, 

heterotrophic activity may become important in creating organic carbon free niches that FeS 

oxidizing bacteria can exploit.  

Unamended mine tailings tend to lack available nitrogen and therefore nitrogen must be 

self-supplied. The presence of nif nitrogen fixation genes has consistently been documented in 

acidic AMD microbial communities. This suggests the innate ability to undergo nitrogen fixation 

to meet nitrogen nutrient demand (Liljeqvist et al., 2015; Méndez-García et al., 2015; Xie et al., 

2011) A recent clone library of nifH genes, within remediated mine tailings, shows a wide 

diversity of potential nitrogen fixation (Li et al., 2016a). However, nif genes within acidic AMD 

are typically associated with specific species of Leptospirillum and Acidithiobacillus (Chen et al., 

2013; Hua et al., 2015). Tyson et al., (2005) successfully cultured the species Leptospirillum 

ferrodiazotrophum, a species closely related to L. ferrooxidans, in a nitrogen free media and 

argued that the predominance of the genus Leptospirillum and the key ability to fix nitrogen 

could make it a key-stone member of AMD microbial communities.  

The rate and importance of nitrification within AMD is debatable.  Functional genes 

associated with nitrification have been found through both GeoChip microarray and 

metagenomics studies of AMD (Hua et al., 2015; Xie et al., 2011). However, known nitrification 

processes are strongly inhibited in acidic conditions and the consistent finding of transport genes 
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for ammonia assimilation suggest that nitrogen is mainly supplied through uptake of ammonia in 

lithotrophic acidophiles (Chen et al., 2015; Méndez-García et al., 2015). Nevertheless, 

nitrification is recognized to occur in undisturbed acidic soils, such as forest soils, through 

ammonia oxidizing archaea which may suggest an ability for unexplored AMD archaeal 

populations to facilitate nitrification (De Boer et al., 1991; De Boer and Kowalchuk, 2001; 

Lehtovirta-Morley et al., 2011; Nicol et al., 2008; Zhang et al., 2012). Additionally, the presence 

of genes involved in denitrification pathways has been demonstrated in AMD microbial 

communities (Chen et al., 2013; Xie et al., 2011). The denitrification pathways may be closely 

linked to anaerobic conditions within AMD and the ability of nitrate to serve as an electron 

acceptor for ferrous iron oxidation (Méndez-García et al., 2015). However, the role of 

denitrification in an environment where nitrogen is a scarce nutrient suggests it serves a cursory 

purpose as a placeholder within the chain of alternate terminal electron acceptors.  

3.2 A plant growth promoting microbiome 

The incorporation of organic soil amendments into mine tailings provides a quick 

buffering of pH to circumneutral conditions as well as a source of inoculum to begin forming a 

microbiome capable of aiding plant growth (Mendez and Maier, 2008). As in the acidophilic 

microbiome, a plant growth promoting microbiome maintains a capacity for carbon and nitrogen 

cycling. However, a key distinction of a plant growth promoting microbiome is increased 

microbial diversity creating a wide pool of species and potential interconnections for ecosystem 

functions (Fetzer et al., 2015) . Undisturbed, natural soils can contain anywhere from the low 

thousands to tens of thousands of unique microbial phylotypes, while the most acidic acid mine 

drainage communities contain less than a few hundred different phylotypes (Kuang et al., 2013; 
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Roesch et al., 2007). Within an ecological stability context, high microbial diversity has been 

linked to the ability to show resilience against environmental perturbations (Tardy et al., 2014).  

Significant shifts of taxonomic composition in mine tailings undergoing restoration have 

also been linked to the successful development of plant growth. Alpha-, Beta-, and 

Deltaproteobacteria have been shown to increase in relative abundance in partially reclaimed 

areas of metalliferous mine tailings (Chen et al., 2013; Li et al., 2016a). Chen et al. (2013) also 

showed decreases in the relative abundance of Ferroplasma, Euryarchaeota and Firmicutes 

during reclamation. Unfortunately, continual changes in microbial taxonomic classification and 

the use of different databases for analysis make the identification and monitoring of broad 

taxonomic groups across studies difficult. For one example, the current genus of 

Acidithiobacillus has been classified within both Betaproeobacteria and Gammaproteobacteria 

before being proposed most recently to be reclassified as a new class of Proteobacteria, 

Acidithibacillia (Kelly and Wood, 2000; Williams and Kelly, 2013).  

Exploring the potential ability of plant growth promoting bacteria (PGPB) to reduce the 

cost of reclamation work  by decreasing the required level of soil amendments and increasing 

biomass production remains a strong area of research (de-Bashan et al., 2012; Glick, 2010; 

Grandlic et al., 2008; Ma et al., 2011). Chief among the PGPB positive benefits include the 

ability to mineralize ethylene, a plant growth hormone closely tied to increased plant stress from 

environmental conditions such as extreme pH and salt conditions, through the ACC Deaminase 

enzyme (Gamalero and Glick, 2012). Also important in pyritic mine tailing phytostabilization, 

fungi rhizosphere colonization plays an key role in sequestering metals and preventing their 

uptake in plant growth (Carrasco et al., 2006). The authors demonstrated that plants colonized by 
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arbuscular mycorrhizae took up less zinc and lead into their leaves, an important consideration in 

phytostabilization to limit the dispersion of heavy metals through the food chain.  
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4.0 Dynamics between the acidophilic and plant growth promoting microbiome 

Acidophilic and plant growth promoting microbiomes represent two distinct groups of 

microbial communities and yet the heterogeneity within environmental systems enables a 

continuum to form between the two microbiomes across soil aggregates. The characterization of 

this continuum presents a variety of challenges from understanding the mechanisms of 

lithotrophic energy generation to an ecological model exploring how individual microbes 

contribute to maintain a prolific environment for themselves. However, the current 

understanding of AMD and plant growth promoting microbial communities seems poised to 

answer two focused questions of the phytostabilized soil microbiome. 1) How can the acidophilic 

microbiome be managed and monitored to suppress acid generation to levels capable of being 

neutralized by plant growth?  2) What subsurface ecosystem components are necessary to 

establish and monitor to assure plant growth?  

4.1 Challenges of monitoring and managing lithotrophic acid generation 

The rate of lithotrophic acid generation is dependent on both the accessibility of metal 

sulfides and the activity of the lithotrophic microbial populations.  Several methods have been 

explored to physically isolate pyrite from biological oxidation. Evangelou (2001) describes a 

direct method of creating barriers to limit oxygen diffusion through phosphate or silica coatings 

that encapsulate the pyrite to inhibit dissolution. Limestone, a common soil amendment to 

directly neutralize acidity, was shown to have a secondary effect of inhibiting pyrite dissolution. 

However, the addition of limestone correlated with a decrease in hydraulic conductivity, 

presumably due to the precipitation of gypsum, a potential negative effect that could be 

detrimental to plant growth (Mylona et al., 2000). Several researchers have also found other 
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simple compounds such as fulvic acid or phospholipids could be used to suppress pyrite 

dissolution by inhibiting microbial accessibility (Elsetinow et al., 2003; Sasaki et al., 1996).  

Direct suppression of lithotrophic activity has been attempted through biocides but the 

open environment of mine tailing impoundments means they quickly become recolonized. Some 

biotic controls have been shown to suppress lithotrophic activity. N̆ancucheo and Johnson (2011) 

demonstrated that continual carbon fixation through acidophilic algae can decrease lithotrophic 

bacterial populations while increasing the populations of sulfur reducing bacteria. During 

phytostabilization, reduced carbon is supplied into the soil environment through plant root 

exudates. It may therefore be beneficial to focus candidate plants for phytostabilization based on 

their ability to establish elaborate root systems and below ground biomass in equal importance to 

focusing on above ground biomass. This could also suggest that supplying organic carbon 

through an application of compost solution may be sufficient to inhibit short term pyrite 

dissolution and lithotrophic microbial growth, while stimulating plant growth. Furthermore, the 

reduction of iron and sulfur are acid consuming reactions and can alkalinize solution pH, while 

subsequently causing some heavy metals to precipitate out. Heterotrophic bacteria, such as 

Acidiphilium, Acidocella, and Acidobacterium, can utilize ferric iron as an alternate terminal 

electron acceptor  in anaerobic environments (Coupland and Johnson, 2008). While the reduction 

of sulfur and iron for AMD reclamation has long been explored, its use is limited to wetland 

treatment for aqueous AMD and not the large scale reclamation of the mine tailings themselves 

(Dean et al., 2013; Tuttle et al., 1969).  

The poor mechanistic understanding of iron and sulfur metabolisms within lithotrophic 

bacteria is currently preventing the development of a quantitative molecular test to determine 

iron and sulfur oxidation activity directly. Pathways within the certain genera of acidic FeS 
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oxidation, Acidithiobacillus and Leptospirillum, have been characterized but an improved 

understanding of FeS oxidizing bacteria present in circumneutral conditions, such as 

Alicyclobacillus, can help develop molecular tests to quantify FeS oxidizing activity in in-situ 

phytostabilization conditions. Indirectly, a simple measurement of in-situ soil respiration may be 

able to detect a shift in the ratio of lithoautotrophic to chemoheterotrophic activity. As soil 

respiration is quite sensitive to a variety of environment conditions, specific research would have 

to be directed towards this question to develop a reliable interpretation of soil respiration data. 

4.2 Establishment and monitoring of plant growth promoting ecosystem components 

Reclamation of mine tailings to a working ecosystem through the incorporation of soil 

amendments represent an attempt at anthropogenic pedogenesis (Li and Huang, 2015). While 

many parameters outside of the soil microbiome, such as hydraulic properties, soil particle size 

distribution, and large scale slope grading will play an intricate role in long term success, soil 

microbial ecologists have a parallel role to play in improving phytostabilization technology. The 

soil amendment provides the initial inoculum from which key characteristics necessary for 

continued plant growth are unknown. This includes the understanding of microbial community 

characteristics such as diversity, indicator taxonomic shifts and microbial functional assays. 

While microbial diversity has been strongly linked to higher plant growth, thresholds that should 

be maintained and standardized protocol for measurements to be made could help decision 

makers make better use of information across varied sites. The still unexplored soil microbiome 

makes understanding shifts in microbial taxonomic distribution difficult to accurately and 

consistently interpret. Further investigations of mine tailing reclamation focusing on the 

microbial succession in reclaimed areas could help identify indicator taxa used to predict future 

conditions. Finally, functional assays could be used to monitor current ecosystem processes that 
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are indicative of sustained plant growth. For example,  the ammonium monooxygenase gene 

used in nitrification has been shown to correlate closely with plant growth (Wessén and Hallin, 

2011). This carries particular weight in AMD reclamation where, as was previously suggested, 

the potential decline of ammonia oxidation by bacteria in increasingly acidic conditions could be 

linked to deteriorating phytostabilization conditions.  

The ability to model and accurately predict future ecosystem states remains quintessential 

for ecologists, but the study of how critical transitions to new ecological states can be predicted 

is highly debated (Scheffer et al., 2009). Sudden increases in the variation of ecosystem 

properties can be associated with instability and future shifts in conditions. For example, an 

increase in the spatial microbial diversity variance could be used to indicate the breakup of plant 

growth promoting microbiomes with the concurrent formation of isolated acidic AMD 

microbiomes. These acidic AMD communities could then stress plant growth promoting 

microsites before more broadly acidifying the soil environment. However, noise from natural and 

site by site variations exist and challenge the utilization of any potential bio-indicator.   
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5.0 Conclusion 

Sustained plant growth resembling native vegetation is the ultimate objective for any 

mine tailing reclamation project. The incorporation of soil compost amendments is viewed as a 

way to jumpstart the development of a vegetated ecosystem. This vegetated ecosystem can 

quickly become severely stressed by in-situ acid generation resulting from the high acid 

generating potential within pyritic mine tailings. Yet, the rate of acidification is a function of the 

active lithotrophic microbial community metabolism, which showcases a robust capacity for 

resilience when stressed from sudden changes in environmental pH due to the incorporation of 

acid neutralizing, plant promoting soil amendments. Established plants, together with their 

associated microbiome, can display their own resilience through an ability to neutralize acidity 

and suppress lithotrophic microbial growth. However, high levels of acid generation can 

overwhelm the phytostabilized soils, thereby returning amended mine tailings to acidic mine 

tailings devoid of plant growth. By approaching phytostabilization of mine tailings as a 

competing balance between the acidophilic and the plant growth supporting microbiome, 

sustained plant growth can, perhaps, be better assured through more cost effective reclamation 

strategies.   
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1.0 Introduction 

Metalliferous mining from pyritic ore has left a lasting legacy of environmental 

degradation across the globe (Lu and Wang, 2012). The goal of lessening environmental impacts 

from active mines and the necessity to cleanup abandoned mines requires the development of 

cost effective and sustainable long term reclamation strategies. Specifically, these strategies must 

ensure that mine tailings, waste material left over from the mining process, pose a decreased 

threat over the long-term to human and ecological health (Johnson and Hallberg, 2005). Capping 

mine tailings with a surficial layer of top soil from nearby undisturbed lands and then seeding 

with plants to stabilize the soil material is a primary method used to remediate the detrimental 

effects of mine tailings (Tordoff et al., 2000). While this method is widely practiced, it requires 

the disturbance of additional land to remove the top soil required to sufficiently cover the mine 

tailings.  In contrast, phytostabilization is the direct establishment of plant growth within mine 

tailings that is facilitated by soil amendments (Mendez and Maier, 2008).  While 

phytostabilization has received significant interest as a promising remediation technology, its 

long term efficacy remains to be proven (Conesa et al., 2012).  

Challenges associated with securing plant growth within pyritic mine tailings result from 

high acidity levels, high metal concentrations, and lack of soil structure and nutrients (Mendez 

and Maier, 2008). Sustained vegetative growth requires the establishment of a functioning soil 

substrate and the incorporation of soil amendments into pyritic mine wastes is an attempt to 

initiate the rapid development of a soil matrix with appropriate functional characteristics from 

undeveloped parent material (Li and Huang, 2015; Zanuzzi et al., 2009). Studies of mine tailing 

reclamation projects have attempted to capture the transition of both physical and biological 

properties from raw mine tailings to reclaimed soil substrates capable of supporting plant growth 
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(Li et al., 2015, 2016a, 2016b; Ye et al., 2000). In common among revegetation studies of pyritic 

mine tailings is the high abundance of reduced metal sulfide minerals, such as pyrite (FeS2). 

Such minerals present a primary challenge to sustained plant growth due to a high acid 

generating potential that must be neutralized (Schippers et al., 2000). Additional amendments, 

such as agricultural lime, can act to directly neutralize acid generation. However, the 

neutralization of generated acidity through phytostabilization could help minimize the quantity 

of further soil amendments required to be incorporated into amended soil.  

Acidic mine tailings and acid mine drainage (AMD) microbial communities have been 

well characterized as being dominated by acidophilic microbial communities that catalyze iron 

and sulfur oxidation, thereby accelerating the dissolution of pyrite and the continual generation 

of acidity (Chen et al., 2016; Schippers et al., 2010). However, the microbiology of moderately 

acidic mine tailings, such as those undergoing revegetation, has been less well characterized. The 

kinetics of abiotic reactions involved in oxic pyrite oxidation at circumneutral pH initially 

suggest biotic activity plays a minimal role in acid generation before environmental conditions 

become acidic (Evangelou and Zhang, 1995). However, the soil environment comprises 

microniches of varying oxygen availability and pH within soil aggregates and experimental 

results suggest that biological activity may play an intricate role in pyrite oxidation above acidic 

pH conditions (Balci et al., 2007; Druschel et al., 2008; Luther et al., 2011; Meruane and Vargas, 

2003; Moses and Herman, 1991; Ranjard and Richaume, 2001; Singer and Stumm, 1970).  

Studies of both natural and engineered revegetation of mine tailings shed light on unique 

characteristics of microbial communities and the subsets of lithotrophic microbes active in 

moderately acidic mine tailings. A recent paper describes a distinct transition in microbial 

community composition across a pH gradient of lead/zinc mine tailings (Chen et al., 2013). This 
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is reflected in differences in community structure. Chen et al., (2014) found that during the 

moderate pH stage (3 to 5) of pyrite oxidation, genera with an average relative abundance above 

5% included Tumebacillus, Alicyclobacillus, Bacillus, Acidithiobacillus and Leptospirillum.  

Dominant genera in the acidic stage (pH < 3) were Ferroplasma, Sulfobacillus and 

Leptospirillum. Intriguingly, several of these genera found to naturally colonize pyritic material 

were both chemoheterotrophic as well as lithoautotrophic populations. Plant growth itself has 

shown potential to suppress microbial populations thought to be involved in iron and sulfur 

oxidation and thus prevent acid generation. A  study recently quantified species of 

Acidithiobacillus and Leptospirillum, common iron and sulfur oxidizing bacteria found in AMD, 

using quantitative PCR and determined that vegetative growth during mine tailing revegetation 

lowered the abundance of these key iron and sulfur oxidizing bacteria (Li et al., 2016b). More 

generally, Valentin-Vargas et al., (2014) found that during a mesocosm experiment of mine 

tailing revegetation, plant growth prevented pH from decreasing into the extremely acidic range. 

Across these studies, it appears that vegetative growth has the ability to suppress of acid 

generation from pyritic materials within mine tailings.   

This research builds on previous studies of revegetated microbial community dynamics 

by combining analysis of the sequential development of a revegetated microbiome across a 

seven-year pyritic mine tailing revegetation field study with a controlled microcosm study of pH 

as a driver of the microbial iron and sulfur oxidizing community development. The overall 

objective of this research was two parts: 1) Characterize changes in the soil microbiome over 

seven years in a field trial examining compost-assisted phytostabilization of pyritic mine tailings 

and 2) use a controlled microcosm enrichment study to identify microbial communities involved 

in developing and maintaining acidic conditions when reduced iron and sulfur are present. This 
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research will enable reclamation specialists to better understand how the soil microbiome 

develops during phytostabilization and identifies potential bioindicators of the acidification 

process to allow more focused management of mine tailing reclamation efforts. 
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2.0 Methods 

2.1 Revegetation field study 

This study focused on the temporal progression of twelve phytostabilization plots within 

the overall Iron King Mine Humboldt Smelter Superfund site (IKMHSS) field study. The 

IKMHSS is an abandoned mine tailings pile characterized by highly acidic conditions and high 

metal concentrations located within the town of Dewey-Humboldt, AZ USA (Hayes et al., 2014; 

Root et al., 2015). In May 2010, the University of Arizona Superfund Research Program began a 

field study to investigate whether compost-assisted phytostabilization could be applied to highly 

acidic metalliferous mine tailings to initiate sustained plant growth on the bare mine tailings 

(Gil-Loaiza et al., 2016, Hammond et al., in prep)). The research presented here utilized a subset 

of revegetation trial plots consisting of the 10%, 15% and 20% (w/w) compost amendment-

seeded treatments each replicated in quadruplicate. Soil sampling took place annually in 

May/June (2010 – 2014, 2016) by collecting 1m deep cores of each treatment plot in triplicate. 

This investigation utilized only the surficial soil layer (0 – 20 cm) from the middle soil core 

along the length of the plot. The surface sample was separated from the rest of the core, 

aliquoted and stored for subsequent microbial (-80° C) and chemical analysis (-20° C). Samples 

for chemical measurements of pH, electrical conductivity (EC), and total carbon (TC) were 

prepared by freeze drying to remove moisture. pH and EC measurements were conducted 

according to EPA method 9045D by creating a 1:1 dry sample weight to milliQ water paste, 

centrifuging solids and decanting the supernatant from which to measure pH and EC on 

calibrated probes (Hammond et al., in prep, US EPA, 2004). Total carbon was measured on 

ground samples through elemental combustion (Costech 4010 CHNS-O, Costech Analytical 

Technologies Inc., Valencia, CA, USA).  Canopy cover surveys were conducted annually in 
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September/October to correspond with the end of the growing season by a quadrant and transect 

method (Gil-Loaiza et al., 2016). 

2.2 Microcosm enrichment cultures 

Enrichment of microbial communities involved in acidification through iron and sulfur 

oxidation was conducted in artificial soil microcosms to simulate the broad range of microniches 

that exist between soil aggregates (Ellis, 2004). Reduced forms of iron and sulfur were supplied 

to enrich for microbial communities involved in either isolated iron oxidation (FeO), isolated 

sulfur oxidation (SO), or concurrent iron and sulfur oxidation (FeSO); a total of three oxidation 

treatments.  Each of these treatments was then conducted in three different pH conditions:  

1. Unbuffered highly acidic: initial target pH between 2 and 3, pH was not manipulated 

during the experiment 

2. Unbuffered moderately acidic: initial target pH between 4 and 5, pH was not 

manipulated during the experiment 

3. Buffered moderately acidic: initial target pH between 4 and 5, pH was maintained 

through weekly additions of calcium carbonate to maintain above highly acidic 

conditions 

The artificial soil matrix was comprised (w/w) of 50% 20-30 mesh sand (Accusand, 

UNIMIN Corporation, USA), 35% 50-70 mesh sand, 10% kaolinite, and 5% bentonite clay 

(Sigma-Aldrich, St. Louis, MO, USA). This mixture was homogenized before dispensing 75g of 

the combined soil matrix into glass petri dishes (100 x 20 mm). Petri dishes were autoclaved and 

allowed to cool before designed enrichment medium for microbial iron, iron and sulfur, and 
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sulfur oxidation was supplied based on previously published enrichment media (Johnson et al., 

1987; Johnson and McGinness, 1991).  

Four solutions were initially prepared with milliQ water. Solution A was a trace element 

solution consisting with 313 mg L-1 of ZnSO4 ▪ 7H2O; 31 mg L-1 of CuSO4 ▪ 5H2O, MnSO4 ▪ 

4H2O, and CoSO4 ▪ 7H2O; and 16 mg L-1 of Cr2(SO4)3 ▪ 15H2O, Na2B4O7 ▪ 10H2O, and NaMoO4 

▪ 2H2O. Solution B was a basal salt solution with 78.1 g L-1 (NH4)2SO4, 31.2 g L-1MgSO4 ▪ 7H2O 

and 15.6 g L-1 Tryptone Soy Broth. Solution C was a ferrous sulfate solution with 97.3 g L-1 of 

FeSO4 ▪ 7H2O that was acidified to pH 2.0 with sulfuric acid. Solution D was a solution with 

30.2 g L-1 K2S4O6. Solution A and B were then sterilized by autoclaving, while solution C and D 

were sterilized by filtration (0.22 μm).1.20 mL of solution A and B was pipetted onto the 

enrichment culture soil matrix for each culture. 5.30 mL of the ferrous sulfate solution (Solution 

C) was pipetted onto the FeO and FeSO treatments, while 3.75 mL of the potassium tetrathionate 

solution (Solution D) was added to the FeSO and SO treatments. 

  A predetermined amount of sulfuric acid was then pipetted into each enrichment culture 

to establish the starting pH of either highly acidic or moderately acidic pH conditions. 

Afterwards, autoclaved milliQ water was used to bring the total volume of liquid added to each 

culture to 22.5 mL, or 0.30 g g dry soil-1 moisture content.  Inoculation was accomplished 

through the incorporation of 0.8g of a surface sample collected from a 15% compost amended 

plot at the IKMHSS field study in the summer of 2015. Sterile controls for the unbuffered 

moderately acidic cultures were established by the incorporation of 0.8g of surface mine tailing-

compost mixture that had been autoclaved consecutively three times over the period of five days 

immediately preceding the initiation of the experiment. Enrichment cultures were thoroughly 

mixed, covered and grown in room temperature conditions, absent of light. The cultures with 
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unbuffered highly acidic and unbuffered moderately acidic conditions were started concurrently, 

while the cultures with buffered moderately acidic conditions were started approximately six 

months later. Samples of each inoculum at the time of the experiment initiation were frozen (-80° 

C) for later DNA extraction and microbial community analysis of the inoculum.  

Twice a week, the mass of each enrichment culture was measured and any change in 

mass not accounted for in sampling was assumed a result of water evaporation. Sterilized milliQ 

water was added to the enrichment culture to replenish evaporated water on a mass basis. Time 0 

pH measurements and soil samples were taken 24 hours after initiation of the experiment. 

Subsequently, every two weeks from the initiation of the experiment in the highly acidic and 

unbuffered moderately acidic pH conditions, an approximate 3g soil core was extracted from the 

culture (Supplementary Figure 1). pH measurements were taken with a 1:1 ratio of 

approximately 0.5g wet enrichment culture soil matrix and milliQ water. Samples were vortexed 

for 15 seconds and allowed to settle within a 1.5 mL microcentrifuge tube. pH measurements 

were then taken on a calibrated pH probe. The remaining soil matrix sample was frozen at -80° C 

for later DNA extraction. Buffered moderately acidic cultures had pH measurements taken 

weekly as earlier described. If the culture had acidified, a calculated amount of calcium 

carbonate was added to raise the pH value. Calcium carbonate was incorporated into the culture 

by thoroughly mixing. The culture was then allowed to equilibrate for a minimum of one hour 

before remeasuring the pH value.  

2.3 DNA extraction, sequencing and sequence processing 

Field and microcosm sample DNA was extracted from a 0.5g subsample with the 

FastDNA SPIN Kit for Soil (MP Biomedicals, Solon OH, USA). Modifications were made to the 
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standard FastDNA SPIN KIT for Soil manufacturer’s protocol including increasing vortex and 

centrifugation times during the lysing step to 15 minutes, GTC rinses to remove humic acids, a 

second SEWS wash of the DNA binding beads before elution, drying of the DNA binding beads 

after the final SWES wash at 60° C for 10 minutes and two incubations of the DNA binding 

beads at 60° C for 10 minutes each with pre-heated eluent water (Valentín-Vargas et al., 2014). 

Due to high concentrations of heavy metals in the field samples, all field samples were pre-

washed in a 1:1 (w/v) mixture of sample to filter sterilized (0.22 μm) EDTA solution (1 mol L-1 

EDTA, 100 mmol L-1 disodium phosphate, 100 mmol L-1 Tris-HCL; titrated to pH 8.2) 

immediately prior to DNA extraction (Li et al., 2016a).  

Purified DNA was then sent to the University of Arizona Genetics Core (Tucson, AZ, 

USA) for sequencing on the Illumina MiSeq platform (Illumina, CA, USA; Caporaso et al., 

2012). 162 base pair DNA paired-end sequencing was performed on the bacterial and archaeal 

16s rRNA gene V4 hypervariable region. Protocol for sequencing procedures is described by 

Caporaso et al., (2012) with modifications by Laubitz et al., (2016). Field, microcosm and the 

inoculum for the highly acidic samples were sequenced separately. The inoculum for the 

buffered moderately acidic condition was sequenced with the microcosm samples. A total of 

10,500,840 raw sequences from all samples were generated with a median length of 253 base 

pairs across 149 field and microcosm samples, as well as 21 extraction blanks.  

Sequences were processed in QIIME version 1.9.1 (Caporaso et al., 2010). Samples were 

quality filtered and overlapping ends were joined with a minimum overlap of 20 base pairs. 

Operational taxonomic units (OTU) were assigned with a 97% similarity threshold using 

QIIME’s UCLUST-based open-reference OTU picking. Chimera’s were filtered out and 

taxonomy was assigned using the RDP classifier with an 80% confidence threshold through the 
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greengenes database (Version 13.8, McDonald et al., 2012). Any OTU that was present in an 

extraction blank was subsequently removed from all samples in the extraction set for the 

associated blank. After sequence and extraction blank filtering a total of 8,297,091 quality 

sequences remained for an average of 55,685 reads per sample. Any sample that had less than 

10,000 reads was removed (12 from the microcosm sample set, 2 from the field study). Samples 

were then rarefied to 10,000 reads each and subsequent alpha and beta diversity analysis as well 

as taxonomy summary information was conducted on the rarefied subset within the QIIME 

software package. Beta diversity analysis was limited to the weighted UniFrac metric under the 

assumption that the microcosms had the same initial inoculum and the field revegetation plots 

had the same presence of microbial communities from the compost and raw mine tailings 

(Lozupone and Knight, 2005). Therefore, key distinctions between sample biomes would be in 

the abundance of certain microbial populations and not the presence/absence of those 

populations. 

2.4 X-ray Diffraction 

A subset of the collected field samples consisting of the 2010, 2012 and 2014 sample 

years were analyzed by X-ray diffraction to quantify the acid generating potential within the 

amended tailings. The crystalline fraction of the surface tailings was determined by Rietveld 

refinement of Synchrotron transmission powder x-ray diffraction (ST-XRD) as described 

previously (Gil-Loaiza et al., 2016; Hayes et al., 2014).  XRD Laue patterns were collected at 

Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 operating at a fixed 

wavelength of 0.9764 Å in transmission mode using a CCD detector (3072 x 3072 pixels).  Laue 

ring images were converted to 2θ using beamline-software WXDiff 

(https://www.openhub.net/p/wxdiff). Wavelength conversion from synchrotron to Cu Kα, peak 
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identification, and quantitative analysis of crystalline phases was determined by Rietveld 

refinement using X'Pert HighScore Plus (PANalytical, version 2.2.3).   

The pyrite fraction (% pyt) in the tailings was used to calculate the acid generating 

potential (AGP), where AGP = % pyt x 16.7; as kg acid equivalents per metric ton tailings 

expressed as mass equivalents of CaCO3 neutralizing capacity of 2 moles CaCO3 (MW = 2 x 

100.087) to 1 mole of FeS2 (MW = 119.975) to kg CaCO3 equivalent per ton of material (Parker 

and Robertson, 1999).  

2.5 Statistical Analysis 

Statistics were calculated using the JMP 12.0 software package. Statistical significance 

was determined at p < 0.01 throughout this paper. Field samples were clustered by Unweighted 

Pair Group Method with Arithmetic Mean (UPGMA) using the weighted UniFrac beta diversity 

metric based on the microbial community composition and visualized with TreeGraph 2 (Stöver 

and Müller, 2010). Comparison between means of field geochemical properties was first 

evaluated with ANOVA and then compared using Tukey’s HSD post-hoc test for means 

comparison. Comparison between pH values of inoculated and sterile enrichment cultures was 

conducted through a one-sided student t-test.  PCoA graphs of enrichment culture and field study 

samples were generated from the weighted UniFrac distance metric. Statistical significance of 

sample groups within the enrichment culture and field samples were conducted using ANOSIM 

within the QIIME software package with 999 permutations. Individual samples in an enrichment 

culture treatment were composited by calculating the median value of OTU reads across all 

replicates and time points. The median values were then renormalized so the relative abundance 

from the median composited values within a composited treatment equaled 1. Statistics of the 
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linear regressions between the relative abundance of subset populations in the field microbial 

communities and pH levels in the field were computed using ANOVA.  
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3.0 Results 

3.1 Development of field microbiome and geochemical characteristics 

Samples taken from plots within the IKMHSS field revegetation study across seven years 

were analyzed for microbial community composition to determine how changes in the field 

microbiome developed across the length of the experiment. The microbial communities from 

each sample were then sorted according to similarity through UPGMA clustering and 

differentiated into 5 significant (ANOSIM, p < 0.01 , R = 0.65) groupings (Fig. 1, Fig. 2). 

Samples in Groups 1, 2 and 5 each cluster from a common node in the UPGMA cluster tree (Fig. 

1). In contrast, samples in Groups 3 and 4 do not share a common node with their group. 

Notably, the ordination analysis visually demonstrates the characteristic of group 4 as a large 

transitional group spanning both samples similar to the diverse microbial communities in Groups 

1-3 and to the acidophilic microbial communities within Group 5 (Fig. 2). 

As will be discussed below, transitions between these groups generally follow a temporal 

pattern beginning with the initial conditions in 2010 (Group 1), conditions related to plant 

growth promotion in the next several years (Group 2 and 3), and conditions related to 

acidification and suppression of plant growth in the later years (Group 4 and 5). The relationship 

between community structure and environmental parameters in each group was examined using 

biogeochemical properties including pH, total carbon, electrical conductivity, acid generating 

potential, PD alpha diversity, and plant cover. Each of these properties was averaged among the 

samples belonging to each of the five microbial community groups shown in Fig. 1. Specifically, 

Group 1 is made up of the 12 samples collected in 2010 immediately after the addition of the 

compost amendment and represents the initial conditions present within the amended treatment 

plots. Groups 2 and 3 are comprised of 14 and 13 samples, respectively. A majority of the 
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Figure 1. Heat map of microbial families identified in field study samples. Columns represent family level taxonomy, where families with less than 

7000 sequence reads (1% of total relative abundance) were removed. Rows represent field samples that have been sorted according to the 

UPGMA cluster tree generated at the OTU level on the left. Nodes with a support value less than 0.5 were collapsed. Relative abundance values 

have been log transformed and any class that had zero sequence reads has been manually set to -4.0. Darker colors represent more abundant 

families and whiter colors are less abundant families. The right hand column denotes the temporal distribution of when samples in each group 

were taken.
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Figure 2. PCoA plot of field study samples with coordinates determined by UniFrac weighted distance 

metric and grouped according to the UPGMA cluster tree presented in figure 1. Sample groups are 

denoted as Group 1 (), Group 2(), Group 3 (), Group 4 ()) and Group 5 (). 
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samples in these two groups were collected beteween years 2011 and 2012 (57% Group 2, 54% 

Group 3). Groups 4 and 5 respectively contain 22 and 9 samples with the majority collected in 

years 2014 and 2016 (50% Group 4, 77% Group 5).  

The pH in samples from Group 1 averaged 4.19 (Fig. 3A). This is presumably a result of 

the compost addition to the tailings which had an initial pH between 2 and 3. The pH for samples 

in Group 2 trended upwards before trending downward across groups 3-5 (Fig. 3A). Groups 4 

and 5 had a pH value of 2.72 and 2.41 respectively, with Group 5 being the significantly most 

acidic group. PD alpha diversity and plant cover followed a similar trend with increased values 

among Groups 2 and 3 over Group 1, before declining in value across Groups 4 and 5 (Fig. 3B 

and 3C).  The average acid generating potential (AGP) was highest in samples making up Group 

1, with AGP trending downward moving from Group 2 to 5 (Fig. 3D). However, high variability 

in the AGP measurements resulted in few statistical differences in AGP amongst the groups. 

Total soil carbon in samples from Group 1 averaged 166.5 mg g-1, significantly higher than every 

other group, likely in response to the initial compost amendment (Fig. 3E).  Finally, electrical 

conductivity, a proxy measurement of soil salinity, did not differ significantly across any of the 

denoted groups (Fig. 3F). 

An examination of the microbial communities in the five groups at the family level shows 

that Group 1 contains 23 of the 25 taxonomic families with the conspicuous absence of 

Acetobacteraceae and Acidobacteriaceae (Fig. 1). Groups 2 and 3 contain all 25 taxonomic 

families with increased abundance, in comparison to Group 1, of Acetobacteraceae, 

Acidobacteraceae, Cytophagaceae, Unclassified Myxococcales, and Xanthomonadaceae.  Three 

taxonomic families showed decreased abundance in Groups 2 and 3 relative to Group 1;  
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Figure 3. Biogeochemical data from the IKMHSS field study samples grouped according to the microbial 

community group each sample falls into and identified in Figure 1. Different letters indicate mean values 

that are significantly different (p<0.01) across each group. Error bars indicate one standard deviation. 

  



49 
 

Unassigned Bacillales, Bacillaceae, Unassigned Actinomycetales. Groups 2 and 3 had similar 

abundances across all taxonomic families with two key distinctions, an increase in relative 

abundance of the well characterized lithotrophic family Acidithiobacillaceae and the acidophilic 

archaeal family Ferroplasmaceae in Group 3 which foreshadows the acidification process that 

affects Groups 4 and 5.  

 Groups 4 and 5 represent samples that have microbial community compositions that are 

both lower in PD alpha diversity and lower in pH than Groups 2 and 3. This is reflected in a 

substantial reduction or the complete absence of 11 of the 25 taxonomic families shown in Fig. 1. 

There are two taxonomic families that are consistently increased in relative abundance in Groups 

4 and 5 including, Leptospirillaceae and the genus Thermogymnomonas classified within an 

unspecified family, both of which are strongly associated with acidophilic organisms. 

Interestingly, 3 field samples in group 4 have present the 11 taxonomic families strongly selected 

against in the rest of the Group 4 and 5 samples, supporting the suggestion that Group 4 is 

comprised of transitional samples between plant gowth supporting and highly acidic 

environmental conditions. 

Overall, the field microbiome data appear to represent a temporal acidification profile 

from 2010 to 2016. Group #1 is dominated by the compost inoculum with high total carbon 

values, but high AGP within the amended mine tailing material. Groups 2 and 3 represent a 

period of plant growth and establishment during a time that compost is present to buffer the 

system from acidificiation and the diversity of the microbiome is at its highest. In Groups 1, 2, 

and 3, community transitions appear to focus on the establishment of a diverse plant-growth-

supporting microbiome mediated the through incorporation of the compost amendment. This is 

in contrast to samples from Groups 4 and 5 in which compost buffering is gone (as indicated by 
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low total carbon) and the realization of AGP are driving the development of acidic conditions (as 

indicated by low pH). These conditions drive decreases both in plant cover and in microbial 

diversity suggesting a return to an acidophilic environment similar to unamended mine tailings.  

The establishment of Acidithiobacillaceae and Ferroplasmaceae populations within Group 2 and 

3 appear to be the first major shift towards the acidophilic microbial populations that ultimately 

predominant. Furthermore, while Group 4 spans a wide range of samples with microbial 

communities similar to both the communities of plant growth supporting and highly acidic 

conditions, all of the samples in Group 4 have high abundance of the lithoautotroph 

Leptospirillaceae. 

3.2 Controlled microcosm enrichment culture experiments 

The identified changes within the field study microbiome suggested there is a biotic 

driver facilitating the sequential development of soil conditions and microbiome diversity from 

one that supports plant growth to one that is highly acidic. To determine whether this is true, 

controlled microcosm experiments were designed to study the acidification process and to 

identify specific microbial populations associated with acidification. Microcosms were designed 

to separately examine populations in the microbial community from the field site that perform 

iron oxidation (FeO), iron and sulfur oxidation (FeSO), or sulfur oxidation (SO), all pathways 

that are mechanistically involved with acid generation. The first set of experiments was 

performed in an unbuffered moderately acidic system in which the initial pH ranged from 4.0 to 

5.0. Inoculated treatments were compared with sterile controls showing that the rate of acid 

generation in inoculated (biotic) treatments was significantly higher than in sterile (abiotic) 

controls (Fig. 4A, 4B and 4C). The inoculated FeO treatment reached acidic (pH 3.0) conditions 

after 2 weeks (Fig. 4A). In contrast, the sterile FeO treatment showed a steady slow decrease in   
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Figure 4. Impact of time on pH in the first microcosm experiment comparing inoculated and sterile 

culture acidification rates. Initial pH conditions of moderately acidic enrichment cultures with (A) iron 

oxidation, (B) iron and sulfur oxidation, and (C) sulfur oxidation treatments were established. Asterisks 

(*) denote significantly different (p<0.01) pH values between inoculated and sterile cultures at that time 

point within the experiment. Error bars indicate one standard deviation.  
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pH for 6 weeks to pH 3.6 before reaching a plateau. Similar results were observed for the FeSO 

treatment which reached an acidic (pH 2.5) equilibrium condition by week 4 (Fig. 4B). The pH 

in the sterile control showed a slow decline reaching pH 3.6 after 8 weeks (Fig. 4B). Finally, the 

inoculated SO treatment reached an acidic equilibrium (pH 2.7) by week 4 while the sterile SO 

enrichment culture pH increased to 5.5 after 8 weeks (Fig. 4C). These results show that for each 

oxidation treatment, the inoculated cultures reached equilibrium acidic conditions significantly 

faster than sterile controls indicating that biological activity does play a pivotal role in acid 

generation under moderately acidic conditions (pH 3 to 5). 

A second set of experiments were performed to capture the microbial community that 

develops in buffered moderately acidic conditions and in unbuffered highly acidic conditions 

(Fig. 5A, 5B and 5C). The buffered moderately acidic enrichment pH condition had weekly 

additions of calcium carbonate to prevent these enrichment cultures from developing acidic 

equilibrium pH conditions. Results in this buffered condition showed that there was continual 

acid generation in each oxidation process treatment for the first 6 weeks resulting in sharp 

declines in pH. Then, following addition of calcium carbonate the system was buffered back to 

original pH leading into the next cycle of acidification. After 6 weeks, the acidification process 

following buffer addition began to taper off presumably due depletion of reduced iron and/or 

sulfur in the system. In contrast to the buffered moderately acidic condition, the unbuffered 

highly acidic enrichment condition was targeted to start with an initial pH between 2 and 3. The 

FeO and SO enrichment cultures showed little change in pH, maintaining highly acidic 

conditions for the duration of the experiment (Fig. 5A and 5C). The FeSO enrichment culture pH 

showed a statistically insignificant drop in pH (p > 0.01) from 3.1 at the start of the experiment 

to 2.3 by week 8 (Fig. 5B).   
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Figure 5. Impact of time on pH in the second microcosm experiment to establish unbuffered highly acidic 

and buffered moderately acidic pH conditions across (A) iron oxidation, (B) iron and sulfur oxidation, and 

(C) sulfur oxidation treatments. Same week increases in the pH value within the buffered moderately 

acidic cultures are due to the incorporation of calcium carbonate (denoted by arrows) to maintain above 

highly acidic conditions. Error bars indicate one standard deviation.  
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In summary, the inoculated buffered moderately acidic and unbuffered highly acidic 

conditions maintained distinctly different pH values. We therefore extracted DNA from these 

cultures, as well as the inoculum used for the microcosms, to taxonomically differentiate the 

impact of pH conditions on microbial populations associated with each oxidation process 

treatment. PD alpha diversity analysis was used to determine how the microcosm enrichment 

impacted diversity. Results reveal that each enrichment treatment (FeO, FeSO, SO) had 

significantly (p < 0.01) lower diversity than the inoculum (Fig. 6A) for both the buffered 

moderately acidic and unbuffered highly acidic conditions.  In addition, there was no significant 

(p > 0.01) difference in diversity among the different enrichment cultures across either oxidation 

treatments or pH conditions.  

Gross community composition similarities across the microcosm enrichment experiment 

were determined through an ordination analysis based on the weighted UniFrac distance metric 

visualized on a PCoA plot (Figure 6B). The arrangement of the samples within the plot shows a 

statistically significant (ANOSIM, p < 0.01, R = 0.49) separation of the enrichment culture 

communities between the buffered moderately acidic and unbuffered highly acidic enrichment 

pH conditions. The oxidation process treatments in the unbuffered highly acidic condition further 

diverge from each other (anosim, p < 0.01, R = 0.84) to form their own distinct clusters. The 

oxidation process treatments in the buffered moderately acidic condition also form statistically 

distinct clusters (ANOSIM, p < 0.01, R = 0.48). However, buffered moderately acidic samples 

all cluster more closely together in the PCoA plot than the samples in the unbuffered highly 

acidic conditions (Figure 6B).   In addition, the microbial communities in the buffered 

moderately acidic conditions are more similar to the inoculum communities than the unbuffered 

highly acidic microbial communities.  
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Figure 6. (A) PD Alpha Diversity from the iron, iron and sulfur, and sulfur oxidation treatment cultures  as 

well as samples of the inoculum. Values for the enrichment culture treatments were averaged across all 

replicates and time points. Bars with different letters signify significant differences (p<0.01) between 

mean values. Error bars indicate one standard deviation. (B) PCoA plot of enrichment culture and 

inoculum samples with coordinates determined by UniFrac weighted distance metric. Sample groups are 

denoted as inoculum communities (), buffered moderately acidic oxidation treatments are represented 

by open symbols (iron (), iron and sulfur (), sulfur ()).and unbuffered highly acidic oxidation 

treatments are represented by solid symbols (iron (), iron and sulfur (), sulfur ()).  
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Taken together, these results suggest that each enrichment culture treatment and pH 

condition selected for a specific subset of the total inoculum microbial community taken from 

the field site (Figure 6). To examine this further, we identified the taxa that were present with a 

relative abundance greater than 5% in each culture (Table 1). These analyses reveal key 

taxonomic distinctions between the buffered moderately acidic and highly acidic enrichment 

treatments. In the buffered moderately acidic treatments, four families (Alicyclobacillaceae, 

Bacillaceae, Acetobacteraceae and Xanthomonadaceae) are all present at greater than 5% 

relative abundance in atleast two of the three oxidation treatments. The unique taxa in the 

moderately acidic cultures provide equally interesting insights. Comamonadaceae, is present in 

all of the moderately acidic enrichment cultures, very highly abundant in the SO culture (58.9%), 

but is not found in any of the unbuffered highly acidic treatments. Unclassified Methylophilales 

make up 40.5% of the FeO moderately acidic enrichment culture, but is essentially absent from 

any other treatment.  

In contrast, the highly acidic pH condition had consistent high abundance of 

Ferroplasmaceae, Sulfobacillaceae and Leptospirillaceae in two or more of the treatments. The 

SO unbuffered highly acidic enrichment culture was dominated by a single family with 84.0% 

relative abundance from the family Ferroplasmaceae. Acidimicrobiaceae was only found in the 

unbuffered highly acidic FeO enrichment culture. Particularly intriguing is the distribution of 

Acidithiobacillaceae, a well-known and characterized chemolithoautotroph bacterial family. 

Acidithiobacillaceae was found with similar relative abundance in the FeSO enrichment 

treatments across both the buffered moderately acidic and the unbuffered highly acidic pH 

conditions (21.3% and 15.9% , respectively) but was found in low abundance or not at all in the  



57 
 

Table 1. Microbial families with a relative abundance greater than 5% in each enrichment culture 

treatment. Treatments were composited by taking the median value of each OTU across all treatment 

replicates and time points. OTUs classified at the family level were then summarized and relative 

abundance values were renormalized.  The most abundant genus in each family across all microcosm 

conditions and treatments is presented in the second column with the percentage of total reads within 

the family it makes up shown in parenthesis. Shaded cells represent families that have a relative 

abundance greater than 5% in any composited treatment. 

 
Buffered Moderately Acidic Treatments Unbuffered Highly Acidic Treatments 

Family Most abundant genus (%) FeO FeSO SO FeO FeSO SO 

Ferroplasmaceae Ferroplasma (100%) 0.0% 0.0% 0.0% 0.3% 8.7% 84.0% 

Acidimicrobiaceae Unclassified (100%) 0.0% 0.0% 0.0% 16.5% 0.0% 0.0% 

Alicyclobacillaceae Alicyclobacillus (48%) 6.9% 51.2% 5.6% 4.8% 1.1% 0.0% 

Bacillaceae Unassigned (78%) 6.5% 5.7% 7.2% 2.2% 0.1% 0.9% 

Sulfobacillaceae Sulfobacillus (99%) 0.1% 0.1% 0.4% 10.8% 53.2% 1.8% 

Leptospirillaceae Leptospirillum (100%) 0.0% 0.0% 0.0% 29.9% 14.6% 3.9% 

Acetobacteraceae Acidiphilium (68%) 9.7% 1.5% 8.1% 12.9% 0.0% 0.0% 

Comamonadaceae Thiomonas (91%) 3.6% 0.5% 58.9% 0.0% 0.0% 0.0% 

Unclassified 

Methylophilales 
Unclassified (100%) 40.5% 0.0% 0.1% 0.0% 0.0% 0.0% 

Acidithiobacillaceae Acidithiobacillus (100%) 0.9% 21.3% 0.0% 0.9% 15.9% 0.0% 

Xanthomonadaceae Unassigned (85%) 6.3% 7.6% 2.6% 0.0% 0.0% 0.0% 

Cumulative Relative Abundance 74.5% 87.9% 82.8% 78.2% 93.8% 90.6% 
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other treatments despite having known species capable of both iron and sulfur oxidation (e.g. A. 

ferrooxidans and A. thiooxidans).   
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3.3 Identifying biotic drivers of acidification in the IKMHSS field microbiome 

 Previous research has primarily focused on identifying key microbial populations that 

participate in acidification at low pH. The approach taken in this study is to examine the 

community that contributes to acidification along a pH gradient to provide additional information 

that would be useful in monitoring the acidification process. To begin this analysis, we chose 

two bacteria that have previously been well associated with iron and sulfur oxidation in acid 

mine drainage, Leptospirillaceae and Acidithiobacillaceae (Baker and Banfield, 2003). We then 

examined whether their presence in field samples from IKMHSS was correlated with pH (Fig. 

7A). This analysis revealed that the cumulative relative abundance of OTUs classified within 

these two families from the field samples (Acidithiobacillaceae: 269 OTUs, Leptospirillaceae: 

142 OTUs) are a significant function of sample pH (p < 0.01). However, the explanatory power 

between these two variables remains low (R2 = 0.10).  

We then explored whether the communities identified in the microcosm experiment could 

be used to better explain the relationship between the field microbiome and pH than just the 

families of Leptospirillaceae and Acidithiobacillaceae. Recall that the microcosm experiment 

allowed the identification of a microbial community enriched to specifically facilitate 

acidification under both moderately and highly acidic pH conditions. For this analysis, we 

defined any OTU from the microcosm expereiment with a minimum of 5 or more sequence reads 

across the composited enrichment culture treatments as an acid associated OTU (Supplementary 

Table 1). This resulted in the identification of 398 acid associated OTUs, of which 351 were 

found in field samples from the IKMHSS. We then examined whether there was a correlation 

between pH and the presence of these 351 OTUs in the field samples from IKMHSS. Results 

show a significant (p < 0.01) and strong (R2 = 0.52) linear relationship between the cumulative 
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Figure 7. (A) Linear regression between the cumulative relative abundance of all OTUs classified within 

the families Leptospirillaceae or Acidithiobacillaceae and the pH in the same field sample. (B) Linear 

regression between the cumulative relative abundance of all acid associated OTUs (Supplementary Table 

1), and the pH of the same field sample. (C) Rolling 9 sample average from ranked pH data of acidophilic 

OTUs identified in the microcosm; raw values are presented in supplementary figure 1. Percentage of 

acid associated OTU reads in field samples that were identified as OTUs present in either the buffered 

moderately acidic or unbuffered highly acidic pH conditions as a function of the field sample pH. 
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relative abundance of these acid associated OTUs and the sample pH (Figure 7B). These results 

suggest that acidification is not the direct result of only a few discrete taxa. Rather acidification 

occurs along a gradient and is facilitated by a diverse microbial community that transitions in 

relation to pH changes.  

This observation was confirmed by quantifying the percentage of acid associated OTU 

reads found in the field samples that were associated with the different microcosm pH 

conditions. For samples with pH > 3.5, an average of 84% of the acid associated OTU reads were 

identified from OTUs in common with the buffered moderately acidic pH condition while a 

smaller proportion (66%) of the acid associated OTU reads were identified from OTUs in 

common with the unbuffered highly acidic enrichment conditions (Figure 7C, Supplementary 

Fig. 2). Vice versa, when the pH in the field samples dropped below 3.5, the acid associated 

OTU reads identified in the field samples were 87% in common with the OTUs present in the 

unbuffered highly acidic enrichment cultures. This percentage increased to over 93% when only 

samples with pH < 2.5 were considered. In contrast, only 49% of the acid associated OTU reads 

in field samples with pH < 3.5 were from OTUs identified in the buffered moderately acidic 

enrichment cultures.  
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4.0 Discussion 

This study examines temporal changes in the mine tailings microbiome during a seven 

year compost-assisted phytostabilization field study. The tailings microbiome was split into five 

groupings that more broadly represented three field conditions: initial conditions following 

compost amendment (Group 1), conditions supporting plant growth (Groups 2 and 3), and 

conditions associated with the suppression of plant growth (Groups 4 and 5). The focus was on 

understanding the dynamics of the microbiome changes that occurred in each group as well as 

identifying key highly abundant microbial populations that could provide insight into the 

changes occurring in the context of improving plant establishment and longevity. Results from a 

complementary microcosm experiment were used to bridge the gap between community 

taxonomy and function by empirically associating microbial communities with the functional 

ability to generate or maintain acidic conditions. However, evaluation of individual population 

contributions to acid generation activity becomes nuanced because some relevant taxa, as will be 

discussed later, are associated with both chemoheterotrophic and lithoautotrophic metabolisms. 

Taken together, the results presented suggest that acidification trends during phytostabilization of 

mine tailings are facilitated by a consortium of microbial taxa that may act both indirectly and 

directly to generate and maintain acidic conditions. Furthermore, these results suggest that shifts 

of microbial populations associated with pH transitions have the potential to be used as 

bioindicators of future acidification.  

4.1 Acidification facilitated by heterotrophic and mixotrophic microbial populations 

 The reported functional potential of the families Acetobacteraceae, Alicyclobacillaceae 

and Xanthomonadaceae found to be facilitating acidification in the microcosms at moderately 
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acidic pH conditions reveal that chemoheterotrophic activity is a common attribute across these 

populations. The lithotrophic activity that directly facilitates acid generation through iron and 

sulfur oxidation is characterized as a concurrent metabolism in those organisms that are 

mixotrophic utilizing both inorganic and organic energy sources. For example, the genus 

Acidiphilium, in the family Acetobacteraceae, is a well characterized heterotroph within acidic 

acid mine drainage microbial communities. While it is not directly involved in either iron or 

sulfur oxidation, its ability to mineralize organic carbon is well described as removing products 

that are inhibitory to lithotrophic microbial populations. It is also capable of metabolizing 

organic compounds and using ferric iron as a terminal electron acceptor (Coram-Uliana et al., 

2006; Liu et al., 2011; Wichlacz et al., 1986; Yang et al., 2013).  

The other two taxa that were dominant in the microcosms at moderately acidic pH 

conditions are less well characterized in terms of their participation in mine tailings acidification. 

Alicyclobacillus (family Alicyclobacillaceae) and genera in Xanthomonadaceae have both 

previously been shown to be present during natural pyrite oxidation when pH > 3 (Chen et al., 

2016, 2014; Méndez-García et al., 2015). However, both taxa are associated with mixotrophic 

metabolisms. Therefore, the mechanistic niche each occupies in driving acidification may range 

between direct iron and sulfur oxidation to facilitating organic carbon mineralization similar to 

Acetobacteraceae. For example, an isolate classified within the genus Alicyclobacillus was 

shown to be an obligate heterotroph capable of growth across a wide pH range that also has the 

capacity to oxidize iron (but not sulfur) (Joe et al., 2007). Other species of Alicyclobacillus such 

as A. ferrooxydans are also heterotrophic, but have been shown to oxidize both ferrous iron and 

sulfur compounds (Jiang et al., 2008).  
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Similarly, genera within the Xanthomonadaceae family, such as Dyella, have been found 

in acid mine drainage. One species, Dyella thiooxydans, has been demonstrated to oxidize sulfur 

and utilize several carbon substrates (Anandham et al., 2011; Chen et al., 2014; González-Toril 

et al., 2011; Lu et al., 2010). The distribution of Xanthomonadaceae within the field study 

microbiome is intriguing as it is present in the moderately acidic Groups 1-3, and in about half of 

the more acidic Group 4 samples before but is completely absent from the most acidic samples 

comprising Group 5. 

Sulfobacillaceae, a consistently abundant population found in the highly acidic pH 

microcosm experiments is also associated with a mixotrophic metabolism (Karavaiko et al., 

2006). Specifically, Sulfobacillus acidophilus was shown to oxidize both iron and sulfur with the 

capacity to switch between autotrophic and heterotrophic growth (Norris et al., 1996; Watling et 

al., 2008). Results from the field study results demonstrate Sulfobacillaceae is active across a 

wide pH range as it is present, with Alicyclobacillaceae, in the initial field conditions with 

moderate pH values and increases in abundance with increasing acidity. However, the active 

functional contribution of these two populations in microbiome processes, with their ability to 

swtich between chemoheterotrophic and lithoautotrophic growth, may not be the same under 

moderately acidic and highly acidic conditions.   

The archaea present in the microcosm and field study samples were comprised of two 

genera, Ferroplasma and Thermogymnomonas. The microcosm cultures were dominated by the 

genus Ferroplasma, while the field samples contained both Ferroplasma and 

Thermogymnomonas. Both of these populations are described in the order Thermoplasmatales, 

which is strongly associated with the most extreme cases of acid mine drainage as some species 

are capable of growth at pH 0 (Reysenbach and Brileya, 2014). One species,  Ferroplasma 
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acidiphilum was described as an obligate lithoautotroph and not being able to utilize organic 

substrates (Golyshina et al., 2000). A more recent study has described a species, F. acidarmanus, 

capable of coupling organic carbon respiration with ferric iron as an alternate electron acceptor 

under anaerobic conditions (Dopson et al., 2007, 2004). Another study characterized two strains 

within the Ferroplasma genus that did not grow without the presence of yeast extract and were 

also capable of tetrathionate oxidation (Okibe et al., 2003) Additionally, the species 

Thermogymnomonas acidicola was described as an aerobic chemoheterotroph (Itoh et al., 2007). 

Most intriguing is the distinct shift in the distribution of these two populations in the field study, 

Ferroplasmaceae is present in every sample in the moderately acidic Group 3, while 

Thermogymnomonas is present in the highly acidic Groups 4-5. This change in abundance is 

quite different both from results observed in the microcosm cultures in which Ferroplasma was 

found in the highly acidic microcosms, and from previously reported research characterizating its 

high abundance in highly acidic acid mine drainage microbial communities (Chen et al., 2014). 

In contrast, the field results are consistent with results from Korehi et al., (2014) who found that 

Ferroplasma was present during early stages (pH > 5) of natural pyrite oxidation. The behavior 

of these two archaea may then be driven by a combination of pH and other biogeochemical 

characterstics. 

4.2 Acidification facilitated by chemolithoautotrophic microbial populations 

Well characterized acidophilic chemolithoautotrophic families Acidithiobacillaceae and 

Leptospirillaceae had high relative abundance in the microcosm experiments. 

Acidithiobacillaceae was one of the families that had equal abundance in both the buffered 

moderately acidic and unbuffered highly acidic microcosms and has also been found extensively 

within acid mine drainage environments (Chen et al., 2016; Méndez-García et al., 2015). A well 
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characterized species, Acidithiobacillus ferroxidans is described as an aerobic 

chemolithoautotroph capable of both iron and sulfur oxidation. It is also able to couple sulfur 

oxidation to iron reduction as well as fix nitrogen to meet its own nutrient demands (Ohmura et 

al., 2002; Valdés et al., 2008). Another study demonstrated this species increased the rate of 

ferrous iron oxidation below pH 4.5, reaching a maximum rate at pH 3 (Meruane and Vargas, 

2003).  Therefore, it is not surprising that the Acidithiobacillaceae family was able to thrive in 

the FeSO microcosms across both pH conditions and in the field under both moderately acidic 

and highly acidic conditions. Interestingly, few Acidithiobacillaceae were identified in either of 

the FeO or SO microcosm cultures suggesting competitive dynamics limit its abilty to 

outcompete other bacteria that specialize in utilizing one substrate when the other is absent. This 

behavior may help explain its high abundance in the transitional Groups 3-4 where a general 

chemolithoautotrophic metabolism may be more advantageous. 

Leptospirillaceae was a consistently abundant microbial family in the highly acidic 

microcosm pH conditions.  This family is a well-characterized acidophilic lithoautotroph, which 

is highly sensitive to organic carbon and only capable of ferrous iron oxidation (Hallmann et al., 

1992; Sand et al., 1992). Recent research has charactized the species Leptospirillum 

ferrodiazotrophum and its ability to fix nitrogen (Tyson et al., 2005). An additional species, L. 

ferrooxidans is also capable of nitrogen fixation, it was cultured using a nitrogen-free medium 

and contains most of the nif genes necessary to carry out nitrogen fixation (Parro and Moreno-

Paz, 2003). Leptospirillum is consistently highly abundant in the highly acidic samples (Group 4 

and 5) from the field study. It was, however, also present in some field samples at moderately 

acidic pH conditions (Group 1-3) suggesting that acidic microenvironments may have developed 

in the mine tailings that allowed the Leptospirillaceae to establish. 
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4.3 Community dynamics during acidification 

Results from this study of microbial communites present during acid generation in a 

compost-assisted mine tailing phytostabilization field study demonstrate a common association 

of chemoheterotrophic and mixotrophic microbial populations (Acetobacteraceae, 

Alicyclobacillaceae Xanthomonadaceae, Sulfobacillaceae, and the archaea order 

Thermoplasmatales) with chemolithoautotrophic organisms (Leptospirillaceae and 

Acidithiobacillaceae). Additionally, the continued increase in abundance of chemoheterotrophic 

populations concurrent with increases in lithoautotrophic populations as pH decreased in the 

field study further emphasizes the importance of a mixotrophic community in facilitating the 

development and maintenance of acidic environmental conditions. The results presented in this 

study parallel the report presented by Li et al., (2015) who found a succession of microbial 

communities which shifted the predominant metabolism from chemolithotrophic to 

chemoheterotrophic energy generation during plant growth in mine tailings. However, the co-

establishment of chemoheterotrophic and chemolithoautotrophic populations observed in this 

study suggests that shifts in energy metabolisms as an indicator for sustained plant growth in 

acid generating material is dependent on the taxa accompanying this shift.  

Generally, environments driven by pyrite oxidation have low levels of organic carbon 

and thus are not recognized to support chemoheterotrophic activity. However, several studies 

have linked chemoheterotrophic and mixotrophic populations (Acetobacteraceae, 

Alicyclobacillaceae and Xanthomonadaceae) to both highly acidic acid mine drainage and early 

stage moderately acidic pyrite oxidation (Hao et al., 2010; Korehi et al., 2014). These 

chemoheterotrophic and mixotrophic populations may therefore fulfill a similar niche, in 

mineralizing inhibitory organic carbon products from lithoautotrophic activity, as 
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Acetobacteraceae is recognized to fill in mature acid mine drainage microbial communities.  

This is supported by a study demonstrating the accumulation of fixed organic carbon from 

photoautotrophic populations, such as algae, can suppress iron and sulfur oxidizing populations 

(N̆ancucheo and Johnson, 2011). Furthermore, the importance of chemoheterotrophic activity on 

directly catalyzing the oxidation of pyrite has also been demonstrated.  Hao et al., (2009) showed 

co-cultures of chemoheterotrophic and chemolithotrophic bacteria were capable of 

compromising a phospholipid passivation layer prepared on the surface of pyrite crystals, 

thereby increasing the rate of pyrite dissolution over monocultures of a lithotrophic bacterium.  

The shifts in some of the microbial populations seen in the field study can be compared to 

other studies of the progression of pyrite oxidation microbial communities during acidification. 

Chen et al., (2014) studied a system undergoing natural pyrite oxidation in an isolated pyritic 

system from circumneutral pH and described a similar initial colonization of microbial 

populations related to Alicyclobacillaceae, Xanthomonadaceae and Acetobacteraceae. In 

contrast to this study, the authors found that during the acidification process, Leptospirillum 

appeared prior to Acidithiobacillus under moderately acidic conditions. In a natural site study, 

Chen et al., (2013) performed a 16s rRNA pyrosequencing analysis of two mine tailings sites, 

one with higher levels of organic carbon and a pH of 6.4 and the other with lower organic carbon 

and a pH of 2.4. In these sites, Thiobacillus, Legionella, Gemmatimonas and Sphingomonas were 

the abundant genera in the circumneutral site while the acidic site was dominated by 

Ferroplasma, Acidithiobacillus, Leptospirillum, Sulfobacillus and Thermogymnomonas. These 

results suggest the co-occurance of Ferroplasma and Thermogymnomonas and not the distinct 

shift between the two populations seen in this field study.  
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While the present study focused on understanding constituent populations of the soil 

microbiome that facilitate acidification during phytostabilization, there are also microbiome 

constituents that support plant growth. The below ground biomass of plants and the ability to 

exude organic carbon into the amended soil stimulate chemoheterotrophy and suppress 

chemolithotrophic activity and this process is important to success of above ground biomass 

production. Further, the presence of key plant-growth associated microbial populations can help 

support plant growth, especially in stressed environments (Glick, 2010; Ma et al., 2011). In the 

taxonomic analysis of highly acidic field study samples, 8 of 11 families that strongly decreased 

in abundance were either Proteobacteria or Actinobacteria, taxonomic units strongly associated 

with natural soils and plant growth  (Glick, 1995; Spain et al., 2009). One of these families, 

Microbacteriaceae, has isolates that have been shown to increase the dry weight and length of 

roots in Rapeseed (Brassica napus) grown in lead and copper contaminated soils (He et al., 

2010; Sheng et al., 2008). These results suggest that a complete understanding of how best to 

facilitiate the phytostabilization process will require knowledge of how plant-growth-promoting 

bacteria facilitate sustained vegetation growth and a parallel understanding of microbial 

populations that participate in the acidification process. Afterall, it is the dynamics of these two 

communities that will decide the success of a phytostabilization effort.  
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5.0 Conclusion 

This research demonstrates that microbial activity plays a significant role in acid 

generation at moderately acidic pH levels where robust plants are still actively growing. The 

development of microbiomes in phytostabilized soils at these moderately acidic pH conditions 

appear to be characterized by competing dynamics between acidophilic chemoheterotophs with 

some mixotrophs that enable lithoautotrophic activity and a diverse microbiome that supports 

plant growth. These taxonomic transitions need to be further validated using physiologically-

based studies to tease apart the functional activity between these two competing communities. 

Efforts to understand the transition between these two communities would include a more 

accurate understanding of diagnostic thresholds between a soil microbiome that supports 

continued plant growth and a microbiome that facilitates the generation of acidity, resulting in 

deteroriating plant growth. Combining insights of below ground phytostabilized soil microbiome 

dynamics with current knowledge of above ground phytostabilization plant growth management 

may better assure sustained plant growth for long term success of mine tailing reclamation.   
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Supplementary Figures and Tables 

Supplementary Figure 1. Picture of the FeO microcosm experiment at 2 weeks. The hole on the 

bottom left (denoted by arrow) is a “soil core” taken to sample the petri dish for microbial and 

pH analysis. 
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Supplementary Figure 2. Raw data of percentage of acid associated OTU reads within field 

samples that were identified from OTUs found in each enrichment culture pH condition. 
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Supplementary Table 1. The percentage of cumulative sequence reads from each acid associated 

OTU within the unbuffered highly acidic and buffered moderately acidic enrichment culture pH 

conditions, as well as within all of the IKMHSS field study samples.  

taxonomy 

Unbuffered 
highly 
acidic 

Buffered 
moderately 

acidic 
Field 

samples 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Ferroplasma; s__ 12.576% 0.002% 4.604% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Ferroplasma; s__ 0.035% 0.000% 0.012% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Ferroplasma; s__ 0.005% 0.000% 0.003% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Ferroplasma; s__ 0.002% 0.000% 0.000% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Thermogymnomonas; s__ 0.081% 0.005% 5.913% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Thermogymnomonas; s__ 0.161% 0.001% 1.316% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Thermogymnomonas; s__ 0.098% 0.000% 1.136% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Thermogymnomonas; s__ 0.064% 0.046% 1.096% 
k__Archaea; p__Euryarchaeota; c__Thermoplasmata; o__Thermoplasmatales; 
f__Picrophilaceae; g__Thermogymnomonas; s__ 0.021% 0.003% 0.879% 

k__Bacteria 0.338% 0.001% 0.300% 

k__Bacteria 0.095% 0.031% 0.086% 

k__Bacteria 0.084% 0.020% 0.065% 

k__Bacteria 0.040% 0.044% 0.049% 

k__Bacteria 0.138% 0.050% 0.040% 

k__Bacteria 0.033% 0.018% 0.031% 

k__Bacteria 0.003% 0.027% 0.028% 

k__Bacteria 0.669% 0.230% 0.003% 

k__Bacteria 0.000% 0.013% 0.000% 

k__Bacteria 0.000% 0.008% 0.000% 

k__Bacteria 0.000% 0.012% 0.000% 

k__Bacteria 0.000% 0.005% 0.000% 
k__Bacteria; p__Acidobacteria; c__Acidobacteriia; o__Acidobacteriales; 
f__Acidobacteriaceae; g__; s__ 0.000% 0.144% 0.037% 
k__Bacteria; p__Acidobacteria; c__Acidobacteriia; o__Acidobacteriales; 
f__Acidobacteriaceae; g__; s__ 0.000% 0.139% 0.029% 
k__Bacteria; p__Acidobacteria; c__Acidobacteriia; o__Acidobacteriales; 
f__Acidobacteriaceae; g__; s__ 0.000% 0.282% 0.010% 
k__Bacteria; p__Acidobacteria; c__Acidobacteriia; o__Acidobacteriales; 
f__Acidobacteriaceae; g__; s__ 0.000% 0.019% 0.000% 
k__Bacteria; p__Acidobacteria; c__Acidobacteriia; o__Acidobacteriales; 
f__Acidobacteriaceae; g__Acidobacterium; s__ 0.146% 0.228% 0.649% 
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k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales 0.008% 0.006% 0.011% 

k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales 0.000% 0.041% 0.003% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.886% 0.068% 0.317% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.229% 0.029% 0.163% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.104% 0.001% 0.160% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.043% 0.001% 0.156% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.070% 0.030% 0.132% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.278% 0.112% 0.096% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.081% 0.077% 0.032% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.022% 0.013% 0.031% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.019% 0.001% 0.021% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.005% 0.001% 0.013% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.018% 0.006% 0.006% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.000% 0.007% 0.004% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.003% 0.001% 0.002% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; f__; g__; 
s__ 0.025% 0.002% 0.001% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; 
f__Acidimicrobiaceae; g__; s__ 7.878% 0.013% 0.126% 
k__Bacteria; p__Actinobacteria; c__Acidimicrobiia; o__Acidimicrobiales; 
f__Acidimicrobiaceae; g__; s__ 0.674% 0.017% 0.015% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.002% 0.091% 0.699% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.000% 0.221% 0.186% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.513% 0.053% 0.109% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.160% 0.120% 0.029% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.000% 0.042% 0.003% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.012% 0.004% 0.002% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.016% 0.001% 0.000% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales 0.015% 0.007% 0.000% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; f__; g__; 
s__ 0.028% 0.040% 0.031% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Cellulomonadaceae; g__Cellulomonas; s__ 0.000% 0.671% 0.037% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Cellulomonadaceae; g__Cellulomonas; s__ 0.000% 0.166% 0.000% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Corynebacteriaceae; g__Corynebacterium; s__ 0.784% 0.015% 0.000% 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 0.000% 0.023% 0.007% 
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f__Frankiaceae; g__; s__ 

k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.002% 0.015% 0.364% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.000% 0.112% 0.303% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.016% 0.085% 0.225% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.000% 0.063% 0.028% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.006% 0.311% 0.014% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.001% 0.011% 0.000% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae 0.000% 0.007% 0.000% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Microbacteriaceae; g__Cryocola; s__ 0.000% 0.034% 0.006% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Micrococcaceae 0.000% 0.042% 0.002% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Micrococcaceae; g__Sinomonas; s__ 0.000% 0.281% 0.008% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Mycobacteriaceae; g__Mycobacterium; s__ 0.026% 0.114% 0.148% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Mycobacteriaceae; g__Mycobacterium; s__ 0.095% 0.038% 0.133% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Mycobacteriaceae; g__Mycobacterium; s__ 0.107% 0.009% 0.037% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Pseudonocardiaceae; g__Pseudonocardia 0.000% 0.021% 0.002% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Streptomycetaceae; g__Streptomyces 0.005% 0.128% 0.028% 
k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; 
f__Thermomonosporaceae; g__Actinomadura; s__vinacea 0.000% 0.013% 0.234% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Gaiellales; f__Gaiellaceae; 
g__; s__ 0.000% 0.041% 0.000% 

k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales 0.018% 0.018% 0.232% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; f__; 
g__; s__ 0.000% 0.261% 0.053% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; 
f__Conexibacteraceae; g__; s__ 0.130% 0.454% 0.121% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; 
f__Conexibacteraceae; g__; s__ 0.060% 0.036% 0.018% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; 
f__Conexibacteraceae; g__Conexibacter; s__ 0.081% 0.017% 0.053% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; 
f__Conexibacteraceae; g__Conexibacter; s__ 0.037% 0.085% 0.040% 
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; 
f__Conexibacteraceae; g__Conexibacter; s__ 0.014% 0.000% 0.001% 

k__Bacteria; p__Chloroflexi; c__Thermomicrobia; o__; f__; g__; s__ 0.000% 0.064% 0.000% 

k__Bacteria; p__Cyanobacteria; c__ML635J-21; o__; f__; g__; s__ 0.804% 0.035% 0.008% 

k__Bacteria; p__Firmicutes 0.000% 0.084% 0.009% 

k__Bacteria; p__Firmicutes 0.026% 0.014% 0.006% 
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k__Bacteria; p__Firmicutes; c__Bacilli 0.001% 0.011% 0.006% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 2.910% 1.289% 1.064% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.884% 0.975% 0.669% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.094% 0.321% 0.359% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.056% 0.080% 0.105% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.168% 0.080% 0.100% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.182% 0.110% 0.078% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.068% 0.086% 0.063% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.002% 0.021% 0.054% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.037% 0.042% 0.053% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.047% 0.056% 0.051% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.028% 0.027% 0.035% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.029% 0.046% 0.035% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.001% 0.025% 0.030% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.005% 0.013% 0.027% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.023% 0.035% 0.022% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.066% 0.027% 0.020% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.005% 0.019% 0.017% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.022% 0.032% 0.013% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.002% 0.005% 0.011% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.000% 0.013% 0.007% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.004% 0.022% 0.002% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.001% 0.019% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.003% 0.012% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.002% 0.034% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.001% 0.010% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.000% 0.007% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales 0.001% 0.013% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__; g__; s__ 0.431% 0.399% 0.404% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__; g__; s__ 0.021% 0.028% 0.047% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__; g__; s__ 0.000% 0.008% 0.013% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 1.485% 0.585% 0.147% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.125% 0.087% 0.095% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.096% 0.044% 0.050% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.000% 0.794% 0.025% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.007% 0.021% 0.006% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.000% 0.024% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.000% 0.011% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.000% 0.011% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae 0.000% 0.007% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.071% 2.442% 0.141% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.841% 0.952% 0.017% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.000% 0.112% 0.006% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.139% 0.153% 0.004% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.001% 0.890% 0.004% 
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k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.000% 0.015% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; g__; s__ 0.000% 0.003% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus 0.099% 2.760% 0.484% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus 0.030% 0.233% 0.017% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus 0.000% 0.007% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus 0.000% 0.005% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus 0.000% 0.036% 0.001% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferripilum 0.000% 0.034% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferripilum 0.000% 0.025% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 1.531% 8.865% 0.170% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.076% 0.279% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.006% 0.131% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.001% 0.010% 0.001% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.001% 0.027% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.004% 0.095% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.002% 0.039% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.003% 0.023% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.002% 0.007% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.001% 0.019% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.001% 0.016% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.000% 0.103% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Alicyclobacillaceae; 
g__Alicyclobacillus; s__ferrooxydans 0.000% 0.005% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.676% 0.858% 0.721% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.056% 0.141% 0.271% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.146% 0.179% 0.236% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.074% 0.158% 0.162% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.132% 0.179% 0.149% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.102% 0.150% 0.114% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.024% 0.119% 0.113% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.008% 0.057% 0.079% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.034% 0.056% 0.073% 
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k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.019% 0.081% 0.068% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.018% 0.062% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.018% 0.061% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.102% 0.022% 0.061% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.038% 0.056% 0.050% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.003% 0.011% 0.047% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.028% 0.018% 0.039% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.008% 0.033% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.008% 0.029% 0.026% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.007% 0.020% 0.026% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.012% 0.018% 0.026% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.006% 0.019% 0.026% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.070% 0.042% 0.023% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 1.285% 0.023% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.003% 0.018% 0.018% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.001% 0.006% 0.015% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.009% 0.014% 0.014% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.010% 0.013% 0.014% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.002% 0.010% 0.012% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.005% 0.027% 0.012% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.013% 0.010% 0.009% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.010% 0.012% 0.009% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.003% 0.010% 0.009% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.001% 0.049% 0.004% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.107% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.013% 0.001% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae 0.000% 0.003% 0.000% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Bacillus 0.303% 0.046% 0.094% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Bacillus 0.000% 0.007% 0.002% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Bacillus; 
s__firmus 0.031% 0.154% 0.244% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Lentibacillus 0.228% 0.411% 0.344% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Lentibacillus 0.061% 0.079% 0.193% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Lentibacillus 0.005% 0.013% 0.016% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Virgibacillus 0.013% 0.028% 0.032% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; g__Virgibacillus 0.005% 0.008% 0.008% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; 
g__Virgibacillus; s__ 0.181% 0.233% 0.294% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; 
g__Virgibacillus; s__ 0.030% 0.051% 0.111% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae 0.004% 0.013% 0.015% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; g__; s__ 0.099% 0.173% 0.136% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; g__; s__ 0.064% 0.125% 0.103% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; g__; s__ 0.016% 0.029% 0.043% 

k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; g__; s__ 0.002% 0.012% 0.015% 
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k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; 
g__Ammoniphilus; s__ 0.045% 0.131% 0.165% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; 
g__Ammoniphilus; s__ 0.021% 0.073% 0.080% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; 
g__Ammoniphilus; s__ 0.002% 0.014% 0.026% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Paenibacillaceae; 
g__Ammoniphilus; s__ 0.004% 0.011% 0.009% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Planococcaceae; 
g__Ureibacillus; s__ 0.000% 0.020% 0.040% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Planococcaceae; 
g__Ureibacillus; s__ 0.005% 0.020% 0.022% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Staphylococcaceae; 
g__Staphylococcus; s__ 0.040% 0.000% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Staphylococcaceae; 
g__Staphylococcus; s__ 0.006% 0.000% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__; s__ 0.262% 0.304% 0.222% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__; s__ 0.132% 0.196% 0.159% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__; s__ 0.040% 0.024% 0.073% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__Planifilum; s__ 0.502% 1.037% 0.364% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__Planifilum; s__ 0.002% 0.040% 0.012% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Thermoactinomycetaceae; 
g__Planifilum; s__ 0.009% 0.019% 0.010% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Lactobacillales; f__Streptococcaceae; 
g__Streptococcus; s__ 0.350% 0.002% 0.000% 
k__Bacteria; p__Firmicutes; c__Bacilli; o__Turicibacterales; f__Turicibacteraceae; 
g__Turicibacter; s__ 0.194% 0.009% 0.002% 

k__Bacteria; p__Firmicutes; c__Clostridia 0.046% 0.012% 0.023% 

k__Bacteria; p__Firmicutes; c__Clostridia 0.018% 0.015% 0.019% 

k__Bacteria; p__Firmicutes; c__Clostridia 0.002% 0.014% 0.011% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.065% 0.042% 0.123% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.165% 0.096% 0.119% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.058% 0.068% 0.112% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.098% 0.078% 0.093% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.033% 0.040% 0.035% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.032% 0.024% 0.025% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.013% 0.014% 0.021% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.010% 0.017% 0.021% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.025% 0.020% 0.019% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.009% 0.014% 0.015% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.019% 0.005% 0.011% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__; f__; g__; s__ 0.003% 0.013% 0.005% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__[Tissierellaceae]; 
g__Anaerococcus; s__ 0.235% 0.000% 0.000% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__[Tissierellaceae]; 0.000% 0.028% 0.018% 
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g__Tepidimicrobium; s__ 

k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Clostridiaceae; 
g__Alkaliphilus; s__ 0.002% 0.078% 0.116% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Clostridiaceae; 
g__Natronincola_Anaerovirgula; s__ 0.001% 0.028% 0.022% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; g__; 
s__ 0.002% 0.041% 0.004% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus 0.876% 0.001% 0.087% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus 0.614% 0.001% 0.058% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus 0.100% 0.000% 0.000% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 9.746% 0.022% 0.250% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 1.777% 0.004% 0.218% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 3.992% 0.064% 0.146% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.014% 0.007% 0.126% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.039% 0.000% 0.072% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.400% 0.068% 0.071% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 3.042% 0.001% 0.037% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.552% 0.000% 0.028% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.032% 0.001% 0.001% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__Sulfobacillus; s__ 0.018% 0.000% 0.000% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__YNPFFP6; s__ 0.123% 0.070% 0.026% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Clostridiales; f__Sulfobacillaceae; 
g__YNPFFP6; s__ 0.010% 0.041% 0.008% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__MBA08; f__; g__; s__ 0.030% 0.082% 0.080% 

k__Bacteria; p__Firmicutes; c__Clostridia; o__MBA08; f__; g__; s__ 0.020% 0.020% 0.049% 
k__Bacteria; p__Firmicutes; c__Clostridia; o__Natranaerobiales; 
f__Anaerobrancaceae; g__; s__ 0.006% 0.009% 0.018% 
k__Bacteria; p__Fusobacteria; c__Fusobacteriia; o__Fusobacteriales; 
f__Fusobacteriaceae; g__Fusobacterium; s__ 0.007% 0.000% 0.000% 
k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 11.276% 0.079% 4.739% 
k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 0.524% 0.005% 0.722% 
k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 0.130% 0.000% 0.063% 
k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 0.081% 0.001% 0.045% 

k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 0.028% 0.000% 0.018% 
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g__Leptospirillum; s__ 

k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 0.038% 0.001% 0.018% 
k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__[Leptospirillaceae]; 
g__Leptospirillum; s__ 0.011% 0.000% 0.011% 
k__Bacteria; p__Planctomycetes; c__Planctomycetia; o__Gemmatales; 
f__Isosphaeraceae 0.000% 0.033% 0.001% 
k__Bacteria; p__Planctomycetes; c__Planctomycetia; o__Gemmatales; 
f__Isosphaeraceae; g__; s__ 0.006% 0.033% 0.005% 
k__Bacteria; p__Planctomycetes; c__Planctomycetia; o__Gemmatales; 
f__Isosphaeraceae; g__; s__ 0.000% 0.028% 0.000% 
k__Bacteria; p__Planctomycetes; c__Planctomycetia; o__Pirellulales; 
f__Pirellulaceae 0.000% 0.011% 0.000% 

k__Bacteria; p__Proteobacteria 0.570% 0.061% 0.428% 

k__Bacteria; p__Proteobacteria 0.748% 0.000% 0.023% 

k__Bacteria; p__Proteobacteria 0.068% 0.000% 0.005% 

k__Bacteria; p__Proteobacteria 0.000% 0.022% 0.004% 

k__Bacteria; p__Proteobacteria 0.000% 0.018% 0.000% 

k__Bacteria; p__Proteobacteria; c__; o__; f__; g__; s__ 0.000% 0.041% 0.009% 

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria 0.000% 0.016% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Caulobacterales; 
f__Caulobacteraceae; g__Phenylobacterium; s__ 0.000% 0.039% 0.009% 

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Ellin329; f__; g__; s__ 0.005% 1.268% 0.052% 

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales 0.000% 0.024% 0.002% 

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales 0.000% 0.052% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Beijerinckiaceae 0.000% 0.015% 0.003% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Bradyrhizobiaceae; g__Bradyrhizobium; s__ 0.000% 0.019% 0.007% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Hyphomicrobiaceae; g__; s__ 0.000% 0.041% 0.083% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Hyphomicrobiaceae; g__Rhodoplanes; s__ 0.000% 0.044% 0.006% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Hyphomicrobiaceae; g__Rhodoplanes; s__ 0.002% 0.019% 0.002% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Methylocystaceae; g__; s__ 0.000% 0.055% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; 
f__Methylocystaceae; g__; s__ 0.000% 0.008% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.034% 0.000% 0.454% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.086% 0.610% 0.130% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.010% 0.044% 0.006% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.000% 0.023% 0.003% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.000% 0.085% 0.003% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.000% 0.213% 0.002% 



87 
 

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.000% 0.044% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae 0.001% 0.005% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 1.099% 0.261% 0.647% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.006% 0.193% 0.021% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.019% 0.083% 0.012% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.000% 0.070% 0.004% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.000% 0.062% 0.003% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.000% 0.050% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.000% 0.024% 0.001% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__; s__ 0.000% 0.028% 0.000% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidiphilium; s__ 1.539% 0.844% 0.528% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidiphilium; s__ 1.294% 2.237% 0.463% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidiphilium; s__ 0.024% 0.001% 0.237% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidiphilium; s__ 0.048% 0.007% 0.093% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidiphilium; s__ 0.023% 0.019% 0.018% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidisoma; s__ 0.000% 0.006% 0.000% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidisoma; s__ 0.000% 0.004% 0.000% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Acetobacteraceae; g__Acidocella; s__ 0.026% 0.030% 0.020% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhodospirillales; 
f__Rhodospirillaceae; g__; s__ 0.000% 0.050% 0.002% 
k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rickettsiales; 
f__mitochondria 0.020% 0.027% 0.017% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.054% 0.013% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 1.367% 0.002% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.819% 0.001% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.049% 0.001% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.001% 0.038% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.057% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.109% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.038% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.030% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.018% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 0.000% 0.002% 0.000% 



88 
 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales 0.000% 1.323% 0.003% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales 0.000% 0.023% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Alcaligenaceae 0.000% 0.204% 0.003% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Burkholderiaceae; g__Burkholderia 0.017% 0.017% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae 0.003% 0.720% 0.006% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae 0.000% 0.008% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 11.066% 0.019% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.453% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.025% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.005% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.446% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.059% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.028% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.009% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.007% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.007% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.006% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Comamonadaceae; g__Thiomonas; s__cuprina 0.000% 0.006% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Oxalobacteraceae; g__Ralstonia; s__ 0.601% 0.030% 0.007% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Oxalobacteraceae; g__Ralstonia; s__ 0.011% 0.001% 0.004% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Oxalobacteraceae; g__Ralstonia; s__ 0.013% 0.000% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Oxalobacteraceae; g__Ralstonia; s__ 0.010% 0.000% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Burkholderiales; 
f__Oxalobacteraceae; g__Ralstonia; s__ 0.003% 0.000% 0.000% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Hydrogenophilales; 
f__Hydrogenophilaceae; g__Thiobacillus; s__ 0.000% 0.299% 0.009% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Methylophilales; f__; 
g__; s__ 0.001% 6.965% 0.016% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Methylophilales; f__; 
g__; s__ 0.002% 0.043% 0.004% 
k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Methylophilales; f__; 
g__; s__ 0.000% 0.158% 0.000% 
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k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__Methylophilales; f__; 
g__; s__ 0.000% 0.006% 0.000% 

k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__SBla14; f__; g__; s__ 0.000% 0.012% 0.000% 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria 0.000% 0.057% 0.018% 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria 0.000% 0.020% 0.004% 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria 0.000% 0.476% 0.000% 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria 0.000% 0.020% 0.000% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus 0.002% 0.007% 0.006% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus 0.033% 0.011% 0.002% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 4.266% 4.991% 4.215% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.921% 1.727% 1.049% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.069% 0.110% 0.081% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.072% 0.128% 0.074% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.010% 0.038% 0.028% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.009% 0.017% 0.008% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.000% 0.046% 0.007% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.011% 0.013% 0.006% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__ 0.006% 0.080% 0.001% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__albertensis 0.013% 0.013% 0.009% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Acidithiobacillales; 
f__Acidithiobacillaceae; g__Acidithiobacillus; s__albertensis 0.007% 0.007% 0.008% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 1.004% 0.107% 1.438% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.207% 0.054% 0.211% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.096% 0.029% 0.093% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.000% 0.385% 0.069% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.006% 0.130% 0.031% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.026% 0.021% 0.021% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.014% 0.004% 0.012% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.000% 0.102% 0.008% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Sinobacteraceae; g__; s__ 0.003% 0.049% 0.005% 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 0.008% 0.008% 0.003% 
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f__Sinobacteraceae; g__; s__ 

k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.222% 1.690% 0.434% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.003% 5.414% 0.114% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 2.953% 0.079% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.001% 0.925% 0.033% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.010% 0.004% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.051% 0.002% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.054% 0.002% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.010% 0.001% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.079% 0.001% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.048% 0.001% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.011% 0.001% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.012% 0.000% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae 0.000% 0.016% 0.000% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae; g__; s__ 0.000% 0.536% 0.271% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae; g__Dokdonella; s__ 0.013% 0.033% 0.012% 
k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Xanthomonadales; 
f__Xanthomonadaceae; g__Rhodanobacter 0.000% 1.031% 0.139% 

k__Bacteria; p__TM6; c__SJA-4; o__; f__; g__; s__ 0.048% 0.308% 0.008% 
k__Bacteria; p__Verrucomicrobia; c__Verrucomicrobiae; o__Verrucomicrobiales; 
f__Verrucomicrobiaceae; g__Akkermansia; s__muciniphila 0.142% 0.007% 0.000% 

  

 


