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ABSTRACT 21 

Acid mine drainage (AMD) is a global problem in which iron sulfide minerals oxidize and 22 

generate acidic, metal-rich water. Bioremediation relies on understanding how microbial 23 

communities inhabiting an AMD site contribute to biogeochemical cycling. A number of studies 24 

have reported community composition in AMD sites from16S rRNA gene amplicons but it 25 

remains difficult to link taxa to function, especially in the absence of closely related cultured 26 

species or those with published genomes. Unfortunately, there is a paucity of genomes and 27 

cultured taxa from AMD environments. Here, we report 29 novel metagenome assembled 28 

genomes from Cabin Branch, an AMD site in the Daniel Boone National Forest, KY, USA. The 29 

genomes span 11 bacterial phyla and include one Archaea and include taxa that contribute to 30 

carbon, nitrogen, sulfur, and iron cycling. These data reveal overlooked taxa that contribute to 31 

carbon fixation in AMD sites as well as uncharacterized Fe(II)-oxidizing bacteria. These data 32 

provide additional context for 16S rRNA gene studies, add to our understanding of the taxa 33 

involved in biogeochemical cycling in AMD environments, and can inform bioremediation 34 

strategies.  35 
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IMPORTANCE 36 

Bioremediating acid mine drainage requires understanding how microbial communities influence 37 

geochemical cycling of iron and sulfur and biologically important elements like carbon and 38 

nitrogen. Research in this area has provided an abundance of 16S rRNA gene amplicon data. 39 

However, linking these data to metabolisms is difficult because many AMD taxa are uncultured 40 

or lack published genomes. Here, we present metagenome assembled genomes from 29 novel 41 

AMD taxa and detail their metabolic potential. These data provide information on AMD taxa 42 

that could be important for bioremediation strategies including taxa that are involved in cycling 43 

iron, sulfur, carbon, and nitrogen.  44 
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MAIN TEXT 45 

1. Introduction 46 

Acid mine drainage (AMD) is a global environmental problem. Oxidative processes, both biotic 47 

and abiotic, release protons and reduced metals from sulfide minerals, resulting in highly acidic 48 

and toxic conditions that degrade environmental quality. Due to the toxicity and environmental 49 

impact of AMD, bioremediation strategies have become of interest. Research in AMD 50 

environments often seeks to understand the biogeochemical cycling occurring in the environment 51 

and aims to inform and improve the bioremediation of these sites (1–4). The geochemistry at 52 

these sites relies on the microbial communities inhabiting them. Biotic oxidation of reduced 53 

metal sulfides contributes to the formation of AMD while sulfate and iron reduction can both 54 

decrease the concentration of soluble metals and increase pH (5–11). However, the metabolic 55 

potential of many taxa in AMD environments remains uncharacterized because these taxa are not 56 

closely related to cultured taxa or those with published genomes.  57 

 58 

AMD environments are characterized by redox gradients including contrasting concentration of 59 

oxygen and reduced metals. They can also vary in heavy metal content and pH. However, 16S 60 

rRNA gene surveys reveal that many of the same species inhabit AMD sites across the globe. 61 

For example, Ferrovum spp. are found in the Appalachian Coal Belt (12–14), the Iberian Pyrite 62 

Belt (15, 16),  Wales (17, 18), and southeast and southwest China (19, 20). Therefore, the 63 

importance of these groups is not limited to a single site, and lack of information about their 64 

metabolisms hinders investigations of AMD environments world-wide. For example, Archaea 65 

within the order Thermoplasmatales are commonly found in AMD sites worldwide, especially 66 

those with low pH (9, 21–23). However, in many instances, 16S rRNA sequences isolated from 67 
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AMD are only distantly related to cultured Thermoplasmatales. Taxa in the Thermoplasmatales 68 

perform diverse metabolisms, including Fe(II) oxidation (24), obligate heterotrophy (25, 26), and 69 

sulfur respiration (27). Therefore, it is difficult to infer their metabolic potential (22). Similarly, 70 

taxa within newly discovered phyla like the Elusimicrobiota (formerly Termite Group 1) and 71 

Eremiobacteriota (formerly the WPS-2) inhabit AMD sites (28, 29), but these groups have few if 72 

any cultured taxa. Given the widespread distribution of these lineages, these taxa may play an 73 

important role in biogeochemical cycling in AMD environments, but without closely-related 74 

cultured relatives or well-annotated genomes, it is not possible to elucidate their role or potential 75 

use in bioremediation strategies.  76 

 77 

Even in well-studied AMD groups like the Gammaproteobacteria, multiple closely related taxa 78 

may occur in AMD sites but may play different roles from their close relatives. For example, 79 

multiple Ferrovum taxa differ in their ability to fix nitrogen (30–33). This intragenus metabolic 80 

diversity complicates our ability to understand biogeochemical cycling in AMD environments.  81 

 82 

Obtaining a species in pure culture has long been considered the gold standard for determining 83 

the biogeochemical role that a taxon may play in the environment. However, characterized 84 

isolates from AMD environments are rare. Culturing taxa is inherently time-consuming, 85 

especially those that require micro-oxic conditions, and can be difficult because species often 86 

require co-occurring taxa. For example, in culture, Ferrovum sp. co-occur with heterotrophic 87 

organisms that remove pyruvic acid and other organic material (34). Metagenomic sequencing 88 

has proven to be a valuable tool for guiding isolation of common AMD microbes through the 89 

recovery of near complete genomes. Tyson et al. used a genome-directed approach to isolate a 90 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2020. ; https://doi.org/10.1101/2020.07.02.185728doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.02.185728
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Leptospirillum ferrooxidans spp. capable of nitrogen fixation (35). Metagenomic approaches also 91 

provide valuable information about community structure and diversity. Thus, ‘omics-based 92 

approaches can complement pure culture studies, provide valuable insight to biogeochemical 93 

cycling in AMD environments, and inform bioremediation strategies in the absence of fully 94 

characterized isolates. 95 

 96 

Here, we present 29 novel, high-quality, metagenome-assembled genomes (MAGs) from Cabin 97 

Branch, an acid mine drainage site in the Daniel Boone National Forest, KY, USA. These data 98 

suggest AMD environments host previously uncharacterized Fe(II)-oxidizing bacteria and 99 

highlight the metabolic potential of a number of microbes commonly recovered in 16S rRNA-100 

based studies of AMD. These genomes will provide additional context for gene amplicon studies 101 

in AMD environments, aid in culturing these taxa in the future, and could inform AMD 102 

bioremediation strategies.  103 

 104 

2. Methods 105 

2.1 Site location 106 

Cabin Branch is an acid mine drainage site in the Daniel Boone National Forest in Kentucky, 107 

near the border with Tennessee. Groundwater flows out from an emergence and across the 108 

limestone-lined channel before entering a pond, the Rose Pool. The microbial communities 109 

within Cabin Branch are dominated by the Fe(II)-oxidizing taxon Ferrovum myxofaciens (13). 110 

Methods for sample collection, DNA extraction and sequencing, and metagenome assembly and 111 

binning were described previously (33) and we include brief descriptions below. 112 

 113 
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2.2 Molecular Analyses 114 

2.2.1 Sample Collection, DNA Extraction, and Sequencing 115 

Triplicate samples from each site were collected for DNA extraction and were flash frozen and 116 

stored at -80 °C until processed. DNA was extracted from each replicate sample using a DNeasy 117 

PowerSoil Kit (Qiagen, Carlsbad, CA, USA) and quantified using a Qubit 3.0 Fluorometer 118 

(Invitrogen, Burlington, ON, Canada). Extractions were pooled and submitted to the University 119 

of Minnesota Genomics Center for metagenomic sequencing and sequenced using HiSeq2500 120 

High-Output 2 x 125 bp chemistry. Three samples were sequenced per lane. 121 

 122 

2.2.2. Metagenomic analysis 123 

Trimmed, quality-controlled sequences were assembled using MegaHit (36) using standard 124 

parameters except minimum contig length, which was set at 1000 base pairs. Reads were mapped 125 

to the assembly using bowtie2 (37) and depth was calculated using the 126 

jgi_summarize_bam_contig_depths command in Anvi’o v. 6.1 (38). Binning was performed in 127 

MetaBAT using default parameters (39) and CheckM was used to determine bin completeness 128 

(40). Bins >70% complete with <3% contamination were selected for further analysis. The 129 

average nucleotide identity (ANI) across the surviving bins was calculated using anvi-compute-130 

ani in Anvi’o v. 6.1 which uses the PyANI algorithm to compute ANI (38, 41). Bins that shared 131 

>99% ANI across the genome were considered to be the same taxon. For each taxon, the bin 132 

with the highest completion was selected for further analysis. Bins were uploaded to KBASE and 133 

annotated using the “annotate assembly and re-annotate genomes with prokka” app (v. 1.12(42) 134 

and classified using the GTDB app (43–46). 135 

 136 
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Single copy, ribosomal protein sequences from Campbell et al., were retrieved from the MAGs 137 

and reference genomes, concatenated, and aligned in Anvi’o (47). Anvi’o uses muscle to align 138 

the concatenated sequences (48). Maximum likelihood trees were constructed using RAxML-139 

HPC2 on XSEDE in the CIPRES Science Gateway using standard parameters: 100 bootstrap 140 

iterations, a Protein CAT model, DAYHOFF protein substitution matrix, and no correction for 141 

ascertainment bias (49, 50). Trees were visualized and rooted in the interactive tree of life (51). 142 

Newick formatted tree files are available in the supplementary information.  143 

 144 

Relative abundance of each MAG was determined by mapping reads from each metagenome 145 

against each MAG using BBMap (52). The pileup tool within BBMap was used to summarize 146 

mapped read and the relative abundance was calculated from the total number of mapped reads 147 

divided by the total number of reads in the metagenome (53). Unmapped reads and reads 148 

mapping to more than one region were removed using SAMtools (54) prior to pileup.  149 

 150 

Metabolic pathways for carbon, nitrogen, and sulfur cycling were predicted in each MAG using 151 

METABOLIC v. 3.0 (55). 152 

 153 

Cyc2 genes were identified using BLAST to identify genes homologous to the Cyc2 like 154 

cytochrome c involved in Fe(II) oxidation (56–58). A BLAST database was constructed using 155 

the Cyc2 retrieved previously (57) and the search was performed using an e-value of 1E-5. To 156 

ensure that the sequences retrived with the BLAST search were homologous to the Cyc2-like 157 

protein involved in Fe(II) oxidation, retrieved sequences and those described previously (57) 158 

were aligned in MAFFT and a maximum likelihood tree was constructed as described above. 159 
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 160 

Quality-controlled, unassembled, metagenomic data are available in the NCBI Sequence Read 161 

Archive under accession numbers SRR9677580 - SRR9677585. The metagenome assembled 162 

genomes used for analysis are also available on NCBI under accession numbers 163 

SAMN14771053 to SAMN14771081. 164 

 165 

3. Results 166 

Cabin Branch is an AMD site in the Daniel Boone National Forest in southern Kentucky, US. 167 

Groundwater at Cabin Branch emerges at pH 2.90 and flows down a limestone-lined channel 168 

with a pH of 2.92 (installed as a passive remediation strategy) and enters a pool (“Rose Pool) 169 

which has a pH of 2.97. Dissolved oxygen increases down the drainage site (77.5 µmol/L at the 170 

emergence, 401 µmol/L in Rose Pool) and Fe(II) concentration ranges from 403 µmol/L at the 171 

emergence, 882.0 µmol/L in the limestone-lined channel, and 11.16 µmol/L in Rose Pool (33) 172 

 173 

We recovered 256 bins from metagenomes: 38 from the emergence, 32 from the limestone-lined 174 

channel, 66 from the Rose Pool, and 120 from the coassembly. Of these, 56 were >70% complete 175 

with <3% contamination. These bins belonged to 32 unique taxa (Table 1). Here we present 29 176 

novel, high-quality, metagenome-assembled genomes (MAGs): 4 from the emergence, 7 from 177 

the limestone-lined channel, 9 from Rose Pool and 9 from the co-assembled data. The MAGs 178 

ranged in relative abundance from ~4.3% to ~0.17% (Figures 1 and 2). The Ferrovum MAGs 179 

(MAG 23 and and MAG24) were described in (33)and MAG 7 is closely related to a previously 180 

described genome (59, 60). 181 
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Figure 1. Rank abundance curve of the relative abundance of MAGs recovered from the 182 
emergence, the limestone-lined channel and Rose Pool. pH, Fe(II), and D.O. were measured at 183 
the time of sample collection and are reported in (33). Red bars indicate MAGs that encode 184 
Cyc2. D.O., dissolved oxygen.  185 
 186 

Below, we examine functions that are most relevant to AMD ecosystems including aerobic 187 

respiration, carbon fixation, nitrogen cycling and biogeochemical cycling of sulfur and iron in 188 

each MAG by phylogenetic group. For sulfur cycling, we focus on dissimilatory sulfate 189 

reduction and sulfur oxidation by examining the presence or absence of dsr and sox genes. The 190 

metabolic potential for ferrous iron oxidation was based on the presence of Cyc2 like genes that 191 

may be involved in this process (56, 57). None of the MAGs contain complete genomes and a 192 

gene that is absent in the MAG may be present in the taxon. Therefore, these data indicate the 193 

genes present in, not absent from, a taxon. A summary of these taxa is available in Table 1. More 194 

complete genome descriptions and the output from METABOLIC are available in the 195 

supplemental material.  196 

 197 
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3.1. Archaea 198 

We recovered a single MAG classified as Archaea (MAG 1). The MAG belonged to 199 

the Thermoplasmata and was most closely related to Methanomassiliicoccus spp. (Figure 1). It 200 

did not encode genes associated with carbon fixation, N2 fixation, Fe(II) oxidation or 201 

dissimilatory sulfur cycling. It appears to be capable of heterotrophic metabolisms including the 202 

degradation of some aromatics and acetogenesis. MAG 1 was recovered from the co-assembly 203 

and was most abundant in the emergence (Figure 2). 204 

Figure 2. Rank abundance curve of the relative abundance of MAGs recovered from the co-205 
assembled data in each site — the emergence, the limestone-lined channel and Rose Pool. 206 
Asterisks denote MAGs that encode Cyc2.  207 
 208 

3.2. Bacteria 209 

3.2.1. Actinobacteria 210 

We retrieved nine actinobacterial MAGs, all of which belong to the order Acidimicrobiales 211 

(Figure 3). MAGs 3 – 7 belonged to the Acidimicrobiaceae, but MAGs 3-6 were unidentified 212 

below this level. MAGs 8 - 10 were affiliated with the family and genus RAAP-2 but were 213 

unidentified at the species level. Five taxa (MAGs 3 – 6, and 9) encode genes for carbon fixation. 214 
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Actinobacteria MAGs were recovered from the emergence and Rose Pool (Figure 1) as well as 215 

the co-assembly (Figure 2).  216 

 217 

3.2.2. Bacteroidota 218 

We retrieved a single taxon from the phylum Bacterioidota (MAG 11) from the co-assembly 219 

(Figures 2 and 3). It was affiliated with the class Bacteroidia, order AKH767, and family Palsa-220 

948, and was unclassified below this level. The most closely related taxon was retrieved from 221 

thawing permafrost (61). It encodes the genes necessary for nitrous oxide reduction.  222 

 223 

3.2.3. Dormibacteraeota 224 

We retrieved one taxon from the phylum Dormibacteraeota (MAG 12). This taxon was affiliated 225 

with the class Dormibacteria, the order UBA8260, and the family Bog-877 and is most closely 226 

related to a taxon from thawing permafrost (61). It did not encode genes for carbon fixation, N2 227 

fixation, denitrification, dissimilatory sulfur cycling, or Fe(II) oxidation. It appears to be capable 228 

of some fermentative and C1 metabolisms (File S1)  229 

 230 

3.2.4. Elusimicrobiota 231 

We retrieved a single taxon, MAG 13, from the phylum Elusimicrobiota (formerly Termite 232 

Group 1). It was affiliated with the class Elusimicrobia, order UBA1565, family UBA9628, and 233 

genus GWA2-66-18. This taxon is most closely related to one from an aquifer system (62). It 234 

encodes the genes necessary for N2 fixation and nitric oxide reduction. It also appears to encode 235 

for a Cyc2 like cytochrome that it may use for Fe(II) oxidation. MAG 13 was recovered from the 236 

emergence with a relative abundance of ~1.8%. 237 
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 238 

3.2.5. Eremiobacteriota 239 

We retrieved two taxa, MAGs 14 and 15, within the phylum Eremiobacteriota (formerly the 240 

WPS-2). Both taxa were affiliated with the class Eremiobacteria, order UPB12, and family 241 

UBA5184. Neither bin contain genes for carbon fixation, N2 fixation, denitrification, 242 

dissimilatory sulfur cycling, or Fe(II) oxidation. Both taxa appear to be capable of heterotrophic 243 

metabolisms including aromatics degradation and acetogenesis. MAG 14 was recovered from the 244 

limestone-lined channel while MAG 15 was present in Rose Pool (Figure 1). 245 

 246 

3.2.6. Firmicutes 247 

We retrieved a single taxon from the phylum Firmicutes (MAG 16) from the limestone-lined 248 

channel (Figure 1). This taxon was affiliated with the class Alicyclobacillia, the order 249 

Alicyclobacillales, and the family Acidibacillaceae. This taxon was most closely related to 250 

Acidobacillus ferrooxidans, a Fe(II) and sulfide mineral oxidizing species isolated from an AMD 251 

environments (Figure 1) (63). Unlike its closest relative, it does not encode the genes necessary 252 

for Fe(II) or sulfide mineral oxidation.  253 

 254 

3.2.7. Patescibacteria 255 

We retrieved a single taxon, MAG 17, from the phylum Patescibacteria (formerly Candidate 256 

Phylum Radiation) from Rose Pool (Figure 1). This taxon was affiliated with the class 257 

Paceibacteria, the order UBA9983_A, the family UBA2163, and the genus C7867-001. It does 258 

not encode any of the genes of interest.  259 

 260 
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3.2.8. Planctomycetota 261 

We recovered two taxa from the phylum Planctomycetota (MAGs 18 and 19). Both taxa were 262 

affiliated with the class Phycisphaerae. One, MAG 18, was unclassified below this level. The 263 

other, MAG 19, was affiliated with the order UBA1161. Both MAG 18 and 19 were recovered 264 

from Rose Pool where MAG 19 was more abundant (4.3% and 0.4% respectively, Figure 1).  265 

 266 

3.2.9. Proteobacteria 267 

We recovered ten taxa from the Proteobacteria. One, MAG 20, is a member of the 268 

Alphaproteobacteria. Nine are from the gammaproteobacterial order Burkholderiales. Two of 269 

these were described previously and were not analyzed here (33). Three encode genes for N2 270 

fixation (MAGs 20, 21, and 27), six encode genes for carbon fixation, (MAGs 20 – 22, 25, 26, 271 

28), seven encode genes for Fe(II) oxidation (MAGs 20-22 and 25-28), and three encode genes 272 

for partial sulfate reduction (MAGs 22, 25, and 26). Gammaproteobacterial MAGs were 273 

recovered from the limestone-lined channel, Rose Pool, and the co-assembly (Figure 1 and 2). 274 

MAG 21 from the co-assembly was particularly abundant at the emergence (3.3%) while MAG 275 

29 was abundant in the limestone-lined channel (2.4%).   276 

 277 

3.2.10. Spirochaetota 278 

We recovered two taxa from the phylum Spirochaetota (MAGs 30 and 31) from Rose Pool 279 

(Figure 1). MAG 30 was recovered from the emergence and MAG 31 was present in the co-280 

assembly with low relative abundance across all sites (Figures 1 and 2). Both bins were members 281 

of the class Spirochaetia and the order Spirochaetales. One encodes the genes necessary for 282 

nitrate reduction to ammonia.  283 
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3.2.11. Verrucomicrobiota 284 

We recovered a single taxon from the Verrucomicrobiota (MAG 32). It contains some of the 285 

genes necessary for aerobic respiration and acetogenesis.  286 

 287 
1

Carbon fixation
Carbon Fixation

Carbon Fixation

Dissimilatory sulfur oxidation
Dissimilatory sulfur reduction
Nitrogen fixation
Fe(II) oxidation

Thermoplasmatales archaeon BRNA1 2502171154
MAG 1 SAMN14771053
Thermoplasmatales archaeon E-plasma
unclassified Thermoplasmatales Obs4 genome 063 2770939392
MAG 2 SAMN14771054
Aciditerrimonas ferrireducens JCM 15389 2728369701
unclassified Acidimicrobiales bacterium bin1 2698536723
MAG 3 SAMN14771055
MAG 5 SAMN14771057
MAG 4 SAMN14771056
Ferrithrix thermotolerans DSM 19514 2582580746
Acidimicrobium ferrooxidans ICPDSM 10331 644736322
Ferrimicrobium acidiphilum DSM 19497 2585428130
Ferrimicrobium acidiphilum DSM 19497 2571042004
MAG 6 SAMN14771058
MAG 7
Acidithrix ferrooxidans Py-F3 2585428127
MAG 8 SAMN14771059
MAG 9 SAMN14771060
MAG 10 SAMN14771061
Dormibacteraeota bacterium bin JG37 2824080494
Bog 877 GC 003164475

Candidatus Eremiobacteraeota bacterium bin23 2667527204
Candidatus Eremiobacteraeota bin 44 2734482170

MAG 12 SAMN14771063

WPS 2 bacterium JGI MDM2 000215CP G15 2616644938
Candidatus Eremiobacteraeota bacterium bin22 2667527203
MAG 14 SAMN14771065
MAG 15 SAMN14771066
MAG 16 SAMN14771067
Alicyclobacillus herbarius DSM 13609
Acidibacillus ferrooxidans ITV01
Palsa 948
MAG 11 SAMN14771062
Spirochaetales bacterium ARS1246 2786546774
Spirochaetales bacterium Spiro 12 2751185594
MAG 31 SAMN14771080
MAG 30 SAMN14771079
MAG 32 SAMN14771081
Estrella lausannensis CRIB-30 2786546856
Parachlamydia acanthamoebae Bn9 2654587719
Candidatus Protochlamydia sp. R18 2582581009
MAG 18 SAMN14771069
MAG 19 SAMN14771070
Phycisphaerae bacterium ARS1224 2823575546
Algisphaera agarilytica DSM 103725
Phycisphaeraceae bacterium NAT22 2786546906
MAG 13 SAMN14771064
Leptospirillum ferriphilum ML-04 2519103101
MAG 20 SAMN14771071
Acidocella aromatica DSM 27026 2861273687
Acidocella aminolytica DSM 11237
Acidocella facilis ATCC 35904 2556921625
Sulfuricella sp T08
Acidocella sp MX-AZ02 2531839705

MAG 21 SAMN14771072
Ferriphaselus sp R-1
Gallionellaceae bacterium CG1 02 60 948
Sideroxydans sp GWF2 59 14
Gallionella sp SCGC AAA018-N21
MAG 25 SAMN14771074
MAG 25 SAMN14771075
Ferrovum sp JA12
Ferrovum sp PN-J185
MAG 23
Ferrovum myxofaciens P3G
MAG 24 
MAG 22 SAMN14771073
MAG 29 SAMN14771078
MAG 27 SAMN14771076
Pseudomonadales bacterium RIFCSPHIGHO2 12 FULL 40 16 27107
Pseudomonadales bacterium NAT4 2816332403
Pseudomonadales bacterium SP163 2816332401
Pseudomonadales bacterium NAT94
Pseudomonadales bacterium SP345 2816332376
Pseudomonadales bacterium CPC77
MAG 28 SAMN14771077

MAG 17 SAMN14771068

Povalibacter uvarum DSM 26723 2861661002
Steroidobacter denitrificans DSM 18526
Pseudomonadales bacterium GWC2 63 15
Patescibacteria bacterium JGI CrystG Apr3-4-M10
OD1-DSC11 2548877146
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 288 
Figure 3. Concatenated single-copy marker gene tree constructed using genes from (47). The 289 
tree contains 83 taxa. MAGs from Cabin Branch are indicated in bold. Shapes indicated the 290 
metabolic potential of the MAGs. Carbon fixation in blue circles. Dissimilatory sulfur oxidation 291 
in yellow triangles with points up and reduction in triangles with points down, nitrogen fixation 292 
in green squares, and Fe(II) oxidation in red stars.  293 
 294 

4. Discussion 295 

4.1 Carbon Fixation 296 

Lithotrophic carbon fixation can be a significant source of primary productivity in AMD 297 

ecosystems (64). At Cabin Branch, Ferrovum spp. are abundant, ranging from 5 - 33%, and 298 

likely contribute to primary productivity (33). Here, we recovered eleven MAGs that encode the 299 

genes necessary for carbon fixation. These autotrophs include those that are closely related to 300 

known lithoautotrophic organisms, including Gallionella (MAGs 25 and 26) and other 301 

Bulkholderiales (e.g. MAGs 20-22) as well as heterotrophs including Acidocella (e.g. MAG 20). 302 

This indicates that primary productivity in AMD sites may be driven, in part, by organisms that 303 

have not been considered in the past.  304 

4.2 305 

Sulfur Cycling 306 

Sulfur cycling is an important process in AMD ecosystems. Bioremediation may rely on 307 

dissimilatory sulfate reduction, especially in constructed wetlands (4). Dissimilatory sulfate 308 

reduction combats AMD by generating alkalinity, can lead to the formation of ferrous sulfide 309 

minerals in sediments, and decreases the concentration of soluble metals (5–11). Conversely, 310 

biological sulfur oxidation generates AMD by oxidizing sulfur in iron sulfide minerals.  MAG 21 311 

encodes homologs of dsrA, dsrB, and aprA, indicating that it may be capable of dissimilatory 312 
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sulfate reduction, at least from APS to sulfide. Therefore, this taxon may play an important role 313 

in constructed wetland bioremediation.  314 

 315 

AMD occurs naturally when weathering processes expose sulfide mineral-bearing rocks to 316 

oxygen-rich water. The result is the oxidation of these sulfide minerals which produces sulfuric 317 

acid (H2SO4) and dissolved metals. Iron-sulfide minerals like pyrite can also be oxidized by 318 

biological sulfur oxidation (65, 66). The oxidation of iron sulfide minerals may occur either at a 319 

pyrite vein or in freshly deposited sediments that are exposed to oxygen. We recovered a single 320 

MAG, MAG 22, that contains the genes necessary for sulfur oxidation from thiosulfate to 321 

sulfate. This taxon is unlikely to cause the oxidation of sulfide-bearing minerals but may play a 322 

role in aqueous sulfur cycling in the environment.  323 

 324 

4.3 Nitrogen Cycling 325 

Common Fe(II) oxidizing organisms in AMD environments such as Ferrovum myxofaciens are 326 

capable of nitrogen fixation (30–33, 67) and may provide fixed nitrogen to AMD communities. 327 

Four of the MAGs recovered here (MAGS 13, 20, 21, and 27) contain the genes necessary for 328 

nitrogen fixation. These organisms may serve as a source of bioavailable nitrogen in AMD 329 

ecosystems and, in so doing, increase the productivity of their communities.  330 

 331 

4.4. Fe(II) Oxidation 332 

Fe(II) oxidation is a key process in AMD environments for bioremediation and as a source of 333 

energy to drive primary productivity. Indeed, our previous analyses recovered multiple abundant 334 

Ferrovum MAGs whose genomes are consistent with carbon fixation couples to Fe oxidation 335 
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(33). Here we identified 9 MAGs that encoded homologs of the Cyc2 protein involved in Fe(II) 336 

oxidation (57). These MAGs were recovered across sample sites that range in dissolved oxygen 337 

and Fe(II) concentration and are present at relative abundances that suggest key roles in 338 

community function (Figures 1 and 2). Seven of the MAGs that encode Cyc2 belong to 339 

proteobacterial lineages with other known Fe oxidizers. Additionally, MAGs within the recently 340 

discovered phyla Elusimicrobia (MAG 13) and Eremiobacterota (MAG 15) encode Cyc2. These 341 

taxa have not previously been recognized as Fe(II) oxidizers but the recovery of Cyc2 in these 342 

MAGs further expands our knowledge of the taxonomic diversity of Fe(II) oxidation.  343 

 344 

4.5 Phylogenetic Relatedness and Metabolism 345 

In the absence of characterized isolates, we often rely on phylogenetic relationships between taxa 346 

found at AMD sites and their closest cultured relatives to infer their role in biogeochemical 347 

cycling (13, 22, 68, 69). This approach leverages the use of 16S rRNA gene amplicon data, 348 

which is relatively inexpensive in terms of time and cost, at the expense of the metabolic insights 349 

inferred from expensive and time-consuming ‘omics approaches or validated by culture-based 350 

approaches. This approach—inferring physiology from 16 rRNA gene sequences—can be 351 

informative for major metabolic pathways when taxa are closely related to their nearest cultured 352 

relative. For example, like Gallionella ferruginea, the metabolic potential of the 353 

Gallionella MAGs (MAGs 25 and 26) recovered here is consistent with chemolithoautotrophy 354 

fueled by Fe(II) oxidation. These relationships are less robust with increasing phylogenetic 355 

distance.  356 

 357 
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Inferring metabolism from16S rRNA gene sequences becomes more difficult as the number of 358 

available genomes from similar environments decreases. For example, AMD environments often 359 

host organisms within the Archaeal order Thermaplasmatales (9, 22, 23). However, there is a 360 

paucity of Thermaplasmatales genomes available from AMD environments. This order also 361 

contains taxa with diverse metabolisms, including Fe(II) oxidation (24), obligate heterotrophy 362 

(25, 26), and sulfur respiration (27). The lack of genomes and culture representatives from AMD 363 

environments coupled to the physiological diversity of Thermaplasmatales makes it difficult to 364 

interpret the role of these archaea AMD environments. The Thermoplasmatales MAG presented 365 

here appears to be a heterotroph capable of aerobic respiration. 366 

 367 

The role of taxa affiliated with uncultivated or recently discovered phyla in biogeochemical 368 

cycling in AMD is particularly difficult to predict. Here, we presented MAGs from four such 369 

phyla — the Dormibacterota, the Elusimicrobiota, the Eremiobacterota, and the Patescibacteria. 370 

Dormibacterota and Patescibacteria are not widely reported in AMD. Eremiobacterota inhabit 371 

multiple mining-impacted sites including stalactites in a mining cave (70), neutral mine drainage 372 

in Brazil (71), and AMD in the eastern United States (28). Abundances of the Eremiobacterota 373 

correlated with total organic carbon in an AMD site in China (68) and were recovered from Rose 374 

Pool were dissolved organic carbon is present (36.8 d from the emergence where dissolved 375 

oxygen is present, albeit well below saturation (77.5 µmol/L, (33). One of the Eremiobacterota 376 

MAGs (MAG 15) One of the MAGs at Cabin Branch encodes a Cyc-2 like protein that may be 377 

involved in Fe(II) oxidation. Therefore, this taxon may play an important and underappreciated 378 

role in Fe cycling in AMD environments.  379 

 380 
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Elusimicrobiota have also been found in AMD environments across the globe including in Spain 381 

(70, 72), France (29), and Svalbard (73), but it is not abundant in these environments. The only 382 

cultivated taxa from this phylum are strictly anaerobic (74–76). The Elusimicrobiota MAG from 383 

Cabin Branch encodes genes for three terminal oxidases and likely employs aerobic respiration. 384 

The Elusimicrobiota MAG (MAG 13) was abundant in the emergence where dissolved oxygen is 385 

present, albeit below saturation (77.5 µmol/L). The MAG also contains the genes necessary for 386 

nitrogen fixation and may encode a Cyc2-like protein that it may use for Fe(II) oxidation. 387 

Therefore, it likely plays an important role in nitrogen cycling in AMD environments and may 388 

also contribute to iron cycling.  389 

 390 

A combination of ‘omics-based approaches and cultivation can increase our ability to correlate 391 

function with taxonomy from 16S rRNA amplicon studies. Here we present high quality MAGs 392 

from AMD sites to increase current understanding of community composition and function. 393 

These data reveal previously unrecognized taxa that contribute to carbon, nitrogen, and Fe(II) 394 

cycling in AMD. In particular, these data underscore roles for previously uncharacterized 395 

Gammaproteobacteria in Fe(II) oxidation in addition to uncultivated or recently discovered 396 

phyla, the prevalence of Actinobacteria across AMD sites that range in oxygen and Fe(II) 397 

concentration, and taxa with high relative abundance whose function remains unclear. These data 398 

provide a framework to assist in culturing taxa of interest as well as additional target organisms 399 

for AMD bioremediation strategies. 400 
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FIGURE AND TABLE LEGENDS  419 

Figure 1. Rank abundance curve of the relative abundance of MAGs recovered from the 420 

emergence, the limestone-lined channel and Rose Pool. pH, Fe(II), and D.O. were measured at 421 

the time of sample collection and are reported in (33). Red bars indicate MAGs that encode 422 

Cyc2. D.O., dissolved oxygen.  423 

 424 

Figure 2. Rank abundance curve of the relative abundance of MAGs recovered from the co-425 

assembled data in each site — the emergence, the limestone-lined channel and Rose Pool. 426 

Asterisks denote MAGs that encode Cyc2.  427 

 428 

Figure 3. Concatenated single-copy marker gene tree constructed using genes from (47). The 429 

tree contains 83 taxa. MAGs from Cabin Branch are indicated in bold. Shapes indicated the 430 

metabolic potential of the MAGs. Carbon fixation in blue circles. Dissimilatory sulfur oxidation 431 

in yellow triangles with points up and reduction in triangles with points down, nitrogen fixation 432 

in green squares, and Fe(II) oxidation in red stars.  433 

 434 

Table 1. Summary of the MAGs presented here. Taxa indicated by grey text were not analyzed 435 

in this work because they were either closely related to cultured taxa (e.g. MAG 7) or were 436 

presented previously (MAGs 24 and 24; 33). 437 

 438 

 439 

 440 

 441 
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SUPPLEMENTAL RESULTS.  442 

Descriptions of each MAG retrieved from the Cabin Branch AMD site.  443 

 444 

SUPPLEMENTAL FILES.  445 

File S1. Output from METABOLIC showing presence or absence of the genes necessary for 446 

metabolic pathways for each MAG.  447 

File S2. Newick-formatted, maximum likelihood tree of concatenated ribosomal proteins for all 448 

MAGs. 449 

File S3.  Newick-formatted, maximum likelihood tree of Cyc2-like proteins retrieved from Cabin 450 

Branch MAGs and reference sequences.   451 
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Thermoplasmatota MAG 1 SAMN14771053 Archaea; Thermoplasmatota; Thermoplasmata; UBA184; UBA184; 84.36 1.6 0 1.418903 217 0.67 1457

MAG 2 SAMN14771054 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; 84.62 2.14 0 2.526595 340 0.45 2362

MAG 3 SAMN14771055 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; Acidimicrobiaceae; 90.88 0.85 0 2.378105 192 0.52928 2137 x

MAG 4 SAMN14771056 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; Acidimicrobiaceae; 99.15 1.28 0 2.817353 95 0.55046 2584 x

MAG 5 SAMN14771057 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; Acidimicrobiaceae; 85.13 1.36 33.33 2.138544 268 0.53278 1873 x

MAG 6 SAMN14771058 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; Acidimicrobiaceae; 94.02 2.14 0 2.323875 280 0.50685 2129 x

MAG 7 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; Acidimicrobiaceae; Acidithrix; Acidithrix ferrooxidans 70.36 2.14 33.33 2.417212 336 0.47572 2062

MAG 8 SAMN14771059 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; RAAP-2; RAAP-2; 96.3 2.99 0 2.796923 246 0.59901 2749

MAG 9 SAMN14771060 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; RAAP-2; RAAP-2; 93.08 2.23 0 2.2056 175 0.6155 2197 x

MAG 10 SAMN14771061 Bacteria; Actinobacteriota; Acidimicrobiia; Acidimicrobiales; RAAP-2; RAAP-2; 94.87 2.14 0 1.873312 163 0.63812 1856

Bacteroidota MAG 11 SAMN14771062 Bacteria; Bacteroidota; Bacteroidia; AKYH767; Palsa-948; 84.22 2 40 2.420414 335 0.46586 2125

Dormibacterota MAG 12 SAMN14771063 Bacteria; Dormibacterota; Dormibacteria; UBA8260; Bog-877; 95.37 0.93 0 2.296128 226 0.68404 2207

Elusimicrobiota MAG 13 SAMN14771064 Bacteria; Elusimicrobiota; Elusimicrobia; UBA1565; UBA9628; GWA2-66-18; 86.06 1.5 0 3.360875 299 0.6663 3200 x x

MAG 14 SAMN14771065 Bacteria; Eremiobacterota; Eremiobacteria; UBP12; UBA5184; 71.43 2.78 100 1.980657 269 0.62541 1976

MAG 15 SAMN14771066 Bacteria; Eremiobacterota; Eremiobacteria; UBP12; UBA5184; 79.18 1.85 50 2.083017 215 0.62452 2102 x

Firmicutes MAG 16 SAMN14771067 Bacteria; Firmicutes_K; Alicyclobacillia; Alicyclobacillales; Acidibacillaceae; 92.65 1.57 50 2.540112 156 0.45602 2410

MAG 17 SAMN14771068 Bacteria; Patescibacteria; Paceibacteria; UBA9983_A; UBA2163; C7867-001; 71.84 0 0 2.138544 268 0.53278 1873

MAG 18 SAMN14771069 Bacteria; Planctomycetota; Phycisphaerae; 73.45 0 0 2.799192 419 0.56703 2424

MAG 19 SAMN14771070 Bacteria; Planctomycetota; Phycisphaerae; UBA1161; 96.32 0 0 3.578576 255 0.56229 2916

MAG 20 SAMN14771071 Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; 92.45 2.78 57.14 2.678786 222 0.63102 2577 x x x

MAG 21 SAMN14771072 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; 91.83 2.01 20 2.555995 242 0.57887 2573 x x x x

MAG 22 SAMN14771073 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; 99.14 0 0 3.695939 108 0.64413 3442 x x x

MAG 23 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; Ferrovaceae; 95.76 0.5 0 2.374093 102 0.55802 2182

MAG 24 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; Ferrovaceae; Ferrovum; 86.7 0.63 100 1.845635 96 0.5385 1727

MAG 25 SAMN14771074 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; Gallionellaceae; Gallionella; 96.67 1.43 0 2.478987 157 0.5653 2425 x x

MAG 26 SAMN14771075 Bacteria; Proteobacteria; Gammaproteobacteria; Burkholderiales; Gallionellaceae; Gallionella; 94.44 2.41 83.33 2.296128 226 0.68404 2207 x x

MAG 27 SAMN14771076 Bacteria; Proteobacteria; Gammaproteobacteria; Pseudomonadales; 91.16 1.24 14.29 2.572997 319 0.51007 2364 x x

MAG 28 SAMN14771077 Bacteria; Proteobacteria; Gammaproteobacteria; Steroidobacterales; Steroidobacteraceae; 85.78 2.5 18.18 2.564032 320 0.65702 2382 x x

MAG 29 SAMN14771078 Bacteria; Proteobacteria; Gammaproteobacteria; UBA1113; UBA1113; 93.6 1.36 33.33 2.699483 337 0.39968 2364

MAG 30 SAMN14771079 Bacteria; Spirochaetota; Spirochaetia; Spirochaetales; 95.4 0.4 0 2.61822 142 0.50392 2361

MAG 31 SAMN14771080 Bacteria; Spirochaetota; Spirochaetia; Spirochaetales; 77.93 1.6 50 1.946496 327 0.53893 1830

Verrucomicrobiota MAG 32 SAMN14771081 Bacteria; Verrucomicrobiota_A; Chlamydiia; Parachlamydiales; Ga0074140; 87.1 1.35 50 1.881114 247 0.39274 1615
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Table 1. Summary of the MAGs presented here. Taxa indicated by grey text were not analyzed in this work because they were either closely related to cultured taxa (e.g. MAG 7) or were presented previously (MAGs 24 and 24; 33).
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