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ABSTRACT 28 

 29 

Ten strains of extremely acidophilic bacteria, isolated from different environments 30 

form a distinct monophyletic clade within the phylum Firmicutes. Comparison of 31 

complete genomes of the proposed type strains confirm that they comprise two 32 

genera (proposed names Sulfoacidibacillus and Ferroacidibacillus), and at least three 33 

species (S. ferrooxidans, S. thermotolerans and F. organovorans). The bacterial 34 

strains share some physiological traits, including catalysing the dissimilatory 35 

oxidation and reduction of iron, and in being obligately heterotrophic. Both species of 36 

Sulfoacidibacillus are also able to oxidise elemental sulfur and tetrathionate. Both S. 37 

ferrooxidans and Ferroacidibacillus spp. are mesophilic, while S. thermotolerans 38 

isolates are moderate thermophiles. The isolates display different degrees of acid-39 

tolerance: Ferroacidibacillus spp. are the most acid-sensitive while the type strain of 40 

S. ferrooxidans grows at pH 0.9. MK7 was detected as the sole menaquinone 41 

present in all three nominated type strains, and their peptidoglycans all contain meso-42 

2,6 diaminopimelic acid type A1γ. The chromosomal DNA of the strains examined 43 

contain between 44 and 52 mol% G+C. The nominated type strains of the new 44 

species are S. ferrooxidans S0ABT (= DSM 105355T = JCM 33225T); S. 45 

thermotolerans Y002T (= ATCC TSD-104T = JCM 31946T); F. organovorans SLC66T 46 

(= ATCC TSD-103T = JCM 31945T). 47 

 48 

Abbreviations: ANI, average nucleotide identity; dDDH, digital DNA–DNA 49 

hybridization; AAI, average amino acid identity. 50 

 51 

Keywords: Sulfoacidibacillus; Ferroacidibacillus; acidophiles; iron oxidation; 52 

oxidation.  53 
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1. Introduction 54 

     Prokaryotes categorized as extreme acidophiles (generally considered to be 55 

species that grow optimally at or below pH 3) occur within several phyla of the 56 

domain Bacteria, including the Firmicutes (endospore-forming rod-shaped eubacteria 57 

that have low G+C contents of their chromosomal DNA) [1,2]. To date, two genera of 58 

extremely acidophilic Firmicutes have been validated, Sulfobacillus and 59 

Alicyclobacillus (order Bacillales, family Alicyclobacillaceae), and include species that 60 

are mostly moderately thermophilic, though some are mesophiles. Sulfobacillus spp. 61 

are facultative anaerobes that can grow autotrophically using ferrous iron, reduced 62 

and zero-valent sulfur (ZVS) and, in some cases, hydrogen as electron donors, 63 

heterotrophically using carbohydrates and other organic substrates, and as 64 

chemolitho-heterotrophs in which inorganic electron donors are oxidised and organic 65 

materials, such as yeast extract, are used as carbon sources. The genus 66 

Alicyclobacillus includes some species that are moderately acidophilic and are 67 

responsible for the spoilage of pasteurised fruit juice, and others that are more similar 68 

to Sulfobacillus spp. in that they are extreme acidophiles that catalyse the 69 

dissimilatory oxidation of iron and sulfur. Iron- and sulfur-oxidising Alicyclobacillus 70 

spp. also display greater propensity for heterotrophic growth than Sulfobacillus spp. 71 

and tend to have higher pH minima for growth.  72 

     Comparison of 16S rRNA gene sequences suggested that some acidophilic 73 

Firmicutes were not affiliated to either Sulfobacillus or Alicyclobacillus [3]. Ten such 74 

isolates were found to fall into two phylogenetic groups, and all of them shared some 75 

physiological traits, in that: (i) they were extreme acidophiles that oxidised ferrous 76 

iron; (ii) they used either molecular oxygen or ferric iron as terminal electron donor; 77 

(iii) they were obligate heterotrophs and did not grow in organic carbon-free media. 78 

However, the two groups differed in two key characteristics. One group, represented 79 

at that time by two strains, were also able to catalyse the dissimilatory oxidation of 80 

elemental sulfur and tetrathionate and were moderate thermophiles, while the six 81 
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strains of the other group could not oxidise sulfur and were mesophilic. Based on 82 

analysis of their 16S rRNA genes, a single genus name (“Acidibacillus”) was 83 

proposed for both groups, and the species names “Acidibacillus sulfuroxidans” and 84 

“Acidibacillus ferrooxidans”. 85 

      Here we describe the isolation and characteristics of a third novel species of this 86 

group of Firmicutes and demonstrate that, based on the comparison of the entire 87 

genomes of the three proposed type strains, they comprise two distinct genera with 88 

the proposed names of Sulfoacidibacillus (iron/sulfur-oxidising strains) and 89 

Ferroacidibacillus (strains that oxidise iron but not sulfur). 90 

 91 

2. Materials and Methods  92 

 93 

2.1 Origins and isolation of strains 94 

 95 

     The sites from where the six strains of bacteria previously referred to as 96 

“Acidibacillus ferrooxidans” [3,4] and the two strains previously named as 97 

“Acidibacillus sulfuroxidans” [3] are shown in Table 1. Two strains of a putative third 98 

species of this novel group of acidophilic Firmicutes were subsequently isolated in 99 

one of the author’s laboratories. One of these (strain S0AB) was isolated from 100 

laboratory-grade ZVS (supplied by the Peak Trading Company, Nottingham, U.K.) 101 

and was studied in detail. The sulfur was used to generate sulfuric acid, and the 102 

microbial population in the bioreactor that was commissioned for this was initially 103 

dominated by strain S0AB [5]. An isolate with identical physiological traits (iron/sulfur 104 

oxidation, temperature response) was obtained from enrichment cultures of the same 105 

batch of ZVS (Eva Pakostova and D. Barrie Johnson, unpublished data). In common 106 

with the eight strains described previously [3], colonies of S0AB grew readily on an 107 

overlay medium containing ferrous iron, tetrathionate and tryptone soya broth [6]. 108 

Axenic cultures were obtained by repeated single colony isolation, and subsequently 109 
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transferred into a liquid medium containing 10 mM ferrous iron, 0.02% (w/v) yeast 110 

extract, with an initial pH of 2.0. A second bacterium (isolate ALD3) that shared 99% 111 

identity of its 16S rRNA gene with strain S0AB (1259 and 1272 base pairs, 112 

respectively) was isolated from acidic (pH 0.5) sediment from a volcanic lake (Kawah 113 

Ijen) in Indonesia (Ali Budhi Kusuma (Newcastle University, U.K.) and D. Barrie 114 

Johnson, unpublished data), though morphological characterisation and physiological 115 

tests (oxidation of iron and sulfur, requirement for organic carbon and temperature 116 

response) carried out with strain ALD3 were less comprehensive, due to the isolate 117 

losing viability.  118 

 119 

2.2 Phylogenetic analysis 120 

      121 

     Comparison of 16S rRNA gene sequences (ranging in size from 1168 to 1467 base 122 

pairs) of strain S0AB to those of other acidophilic Firmicutes was carried out as 123 

described previously [3]. In brief, DNA was extracted from cultures grown in 20 mM 124 

ferrous iron/0.02% (w/v) yeast extract medium (pH 1.8) using the FastDNA Spin Kit for 125 

Soil (MP Biomedicals), and 16S rRNA genes amplified by PCR using DreamTaq PCR 126 

Master Mix (Thermo Fisher) and primers 27F (5´-AGT GTT TGA TCC TGG GTC AG-127 

3´) and GM4R (5´- TAC CTT GTT ACG ACT T-3´). PCR products were purified and 128 

overlapping sequencing from both sides of the gene was performed by Seqlab 129 

(Germany). A phylogenetic tree was constructed using the following programs and 130 

parameters: multiple sequence alignment by MAFFT v7.475 with the L-INS-i iterative 131 

refinement method [7]; prediction of the best suited model and tree construction was 132 

performed using ModelFinder implemented in IQ-TREE multicore v2.0.3 [8,9]. To 133 

assess the support of each branch, the non-parametric ultrafast bootstrap method 134 

(with 1000 replicates) was used [10]. The phylogenetic tree was visualized with iTOL 135 

[11] and edited using Inkscape (https://inkscape.org/).  136 
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 137 

2.3 Genome-based classification 138 
 139 

 140 

     The following genome analyses were carried out on the three proposed type strains 141 

(S0ABT, SLC66T and Y002T) and also on strains ITV01 and Huett2. Average nucleotide 142 

identity (ANI) between genomes was calculated with ANIb using default parameters 143 

and with FastANI where organisms with ANI values >95% were considered to belong 144 

to the same species [12]. Digital DNA-DNA hybridization (dDDH) was carried out using 145 

the genome-to-genome distance calculator v3.0 (GGDC) [13,14] with Formula 2 as 146 

recommended for datasets with draft genomes. Average amino acid identity (AAI) was 147 

calculated between each pair of genomes using CompareM v0.1.2 148 

(https://github.com/dparks1134/CompareM) performed using the aai wf command 149 

using default parameters. 150 

 151 

2.4 Physiological characterisation of strains S0ABT and ALD3 152 

 153 

     Oxidation of ferrous iron, zero-valent sulfur and tetrathionate by strain S0ABT was 154 

assessed by growing cultures in acidic media, both with and without yeast extract 155 

(added at 0.02% w/v) as described by Holanda et al. [3]. The ability of isolate S0ABT 156 

to use hydrogen as electron donor in the presence or absence of yeast extract, was 157 

tested as described by Hedrich and Johnson [15] and its ability to catalyse the 158 

oxidative dissolution of pyrite (FeS2) was assessed by inoculating cultures into a 159 

liquid medium (pH 2.0) containing 1% (w/v) sterile pyrite, +/- 0.02% w/v) yeast 160 

extract. Growth of strain S0ABT under anaerobic conditions using ferric iron as 161 

electron acceptor was investigated using an approach described by Holanda et al.  162 

[3].  163 

 164 

2.5 Response to pH and temperature 165 
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 166 

     The effect of pH and temperature on the growth rate of S. ferrooxidans S0ABT was 167 

assessed by growing the isolate under either fixed pH (2.0) and variable temperature, 168 

or fixed temperature (32.5°C) and variable pH in a stirred and aerated bioreactor (1.5 169 

L working volume (Electrolab, UK)) in ferrous iron/yeast extract liquid medium. Semi-170 

logarithmic plots of iron oxidised against time were used to evaluate culture doubling 171 

times. 172 

 173 

2.6 Chemotaxonomic characterisation 174 

 175 

     Biomass of the proposed three type strains (S. ferrooxidans S0AB, S. 176 

thermotolerans Y002 and F. organovorans SLC66) were grown in the laboratory in 177 

media containing 10 mM ferrous iron and 0.05% (w/v) yeast extract, cells harvested 178 

by centrifugation and freeze-dried pellets sent to the DSMZ (Deutsche Sammlung 179 

von Mikrooganismen und Zellkulturen, Braunschweig, Germany) for analysis of fatty 180 

acids, polar lipids, respiratory quinones and peptidoglycans. 181 

 182 

3. Results and Discussion 183 

 184 

3.1 Physiological and phenotypic characteristics of Sulfoacidibacillus and 185 

Ferroacidibacillus spp. 186 

 187 

     The ten strains of Sulfoacidibacillus and Ferroacidibacillus examined (i.e., all 188 

those listed in Table 1 except Huett2 which was not tested in the authors’ 189 

laboratories) are obligate heterotrophs that catalyse the dissimilatory oxidation of 190 

ferrous iron in acidic media. Stain Huett2 was described as an acidophilic, 191 

heterotrophic, iron-oxidizing Firmicute that did not oxidise sulfur [4]. No growth was 192 

evident without the inclusion of organic carbon, such as yeast extract, in growth 193 
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media. Cell yields of F. organovorans and S. thermotolerans have previously been 194 

reported to correlate with amounts of ferrous iron oxidised [3] and this was confirmed 195 

also to be the case for S. ferrooxidans S0ABT (Fig. 1a), suggesting that these 196 

acidophiles can use energy derived from the dissimilatory oxidation of ferrous iron. In 197 

addition, cell numbers of S. ferrooxidans S0ABT correlated with concentrations of 198 

yeast extract in culture media containing 10 mM ferrous iron (Fig. 1b) as previously 199 

demonstrated for the proposed type strains of both F. organovorans and S. 200 

thermotolerans [3].  201 

      Both ZVS and tetrathionate were oxidised by isolates of both S. ferrooxidans 202 

(Supplementary Fig. S1) and S. thermotolerans though none of the six isolates of 203 

Ferroacidibacillus was able to catalyse the dissimilatory oxidation of reduced sulfur 204 

[3]. None of the ten isolates studied was able to catalyse the dissimilatory oxidation 205 

of hydrogen; cell numbers in liquid media containing 0.005% (w/v) yeast extract 206 

incubated under atmospheres that were or were not enriched with hydrogen showed 207 

no significant differences (data not shown).  208 

     In theory, prokaryotes that oxidise ferrous iron at low pH should also be able to 209 

catalyse the oxidative dissolution of sulfide mineral, such as pyrite (FeS2), since 210 

soluble ferric iron is the primary oxidant of these minerals in acidic liquors [16]. This 211 

was confirmed to be the case with the three proposed novel species of acidophilic 212 

Firmicutes where concentrations of soluble iron and redox potentials (which reflect 213 

the ratios of ferric to ferrous iron) both increased during culture incubation ([3] and 214 

Supplementary Fig. S2). However, in all cases, very little oxidation of pyrite occurred 215 

when yeast extract was omitted from culture media.  216 

     All six strains of Ferroacidibacillus and both isolates of S. thermotolerans were 217 

reported to catalyse the dissimilatory reduction of ferric to ferrous iron in cultures 218 

incubated anaerobically, where yeast extract acted as both electron donor and 219 

carbon source [3]. Figure 2 shows data for ferric iron reduction by S. ferrooxidans 220 

S0ABT in a liquid medium (initial pH 1.8), containing 5 mM glucose, 0.005% (w/v) 221 
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yeast extract and 10 mM ferric sulfate, and incubated under anaerobic conditions. 222 

Iron reduction paralleled increases in cell numbers, and the pH of inoculated cultures 223 

declined with time (dissimilatory reduction of soluble ferric iron is a proton-generating 224 

reaction).  225 

     Ferroacidibacillus and S. thermotolerans were previously described as extreme 226 

acidophiles [3] as their pH growth optima were <3. Strains of the latter were noted to 227 

be more tolerant of extreme acidity than the six strains of Ferroacidibacillus. The 228 

proposed type strain of F. organovorans (SLC66) has a pH optimum and minimum of 229 

2.9 and 1.9, respectively, while the corresponding numbers for the type strain of S. 230 

thermotolerans (Y002) were 1.8 and 1.6. S. ferrooxidans S0ABT was more acidophilic 231 

than both the other nominated novel species; its optimum growth pH was 1.7 and 232 

growth was also observed at pH 1.0 (Fig. 3a) and pH 0.9 (data not shown). No 233 

growth was observed in pH 0.8 media. Strains of Ferroacidibacillus and S. 234 

thermotolerans were also previously shown to differ in their response to temperature, 235 

with the former being mesophilic and the later moderately thermophilic [3]. F. 236 

organovorans SLC66T had a growth temperature optimum and maximum of ~30ºC 237 

and 37.5ºC, respectively, while the corresponding numbers for S. thermotolerans 238 

Y002T were ~43ºC and 50ºC. S. ferrooxidans S0ABT was shown, like 239 

Ferroacidibacillus, to be mesophilic, with a growth temperature optimum at ~33ºC 240 

and maximum at 37.5ºC (Fig. 3b). When grown under optimum conditions of pH and 241 

temperature, F. organovorans SLC66T had a culture doubling time of 6.7 h, 242 

corresponding to a maximum growth rate (μmax) of 0.10 h-1, S. thermotolerans Y002T 243 

of 2.1 h (μmax 0.33 h-1), and S. ferrooxidans S0ABT of 2.7 h (μmax 0.26 h-1).  244 

     For all three of the proposed type species of the novel Firmicutes, MK7 was 245 

detected as the sole menaquinone present, as also reported for the acidophilic 246 

Firmicute, Alicyclobacillus [17]. The peptidoglycans of F. organovorans SLC66T, S. 247 

thermotolerans Y002T and S. ferrooxidans S0ABT all contained meso-2,6 248 

diaminopimelic acid type A1γ as the diamino acid, and alanine and glutamic acid 249 
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were detected in hydrolysates of the polymer. The distribution of the polar acids 250 

detected in the three novel species is shown in Table 2. The fatty acid profiles were 251 

broadly similar in all three type strains, with the major fatty acids detected being 15:0 252 

anteiso and 17:0 anteiso, with relatively higher amounts of the former in the two 253 

mesophilic strains (Supplementary Table S1).   254 

 255 

3.1 Phylogenomic characteristics of Sulfoacidibacillus and Ferroacidibacillus 256 

spp. 257 

     Figure 4 shows a 16S rRNA phylogenetic tree of acidophilic Firmicutes and other 258 

acidophilic Gram-positive bacteria, indicating the phylogenetic relationships and 259 

branching order of the three proposed new species belonging to the two proposed 260 

new genera, Sulfoacidibacillus and Ferroacidibacillus. A 16S rRNA sequence identity 261 

matrix of the same bacteria is shown in Fig. 5, where ≥98.7% 16S rRNA sequence 262 

identity is considered the same species [18] and ≥95% sequence identity is 263 

considered the same genus [19,20]. Using these criteria, Fig. 5 shows that 264 

Sulfoacidibacillus and Ferroacidibacillus (<95% sequence identity) are distinct 265 

genera. The matrix also shows that Sulfoacidibacillus is composed of at least two 266 

species, S. thermotolerans and S. ferrooxidans, represented by strains Y002T and 267 

S0ABT, respectively. In addition, the matrix suggests that Y0010 and ALD3 are also 268 

strains of S. thermotolerans and S. ferrooxidans, respectively, and that four other 269 

isolates (GS1, Huett2, SLC40 and BSH1) could potentially be strains of the same 270 

species) as the proposed type strain, SLC66T (16S rRNA gene identity ≥98.7%). 271 

     The genomes of three strains of Ferroacidibacillus (SLC66T, ITV01 and Huett2) 272 

and both proposed type strains of S. thermotolerans and S. ferrooxidans have been 273 

sequenced and partially annotated [4,21,22,23,24]. Analysis of these genomes 274 

showed that the chromosomal DNA of the three strains of F. organovorans contained 275 

52 mol% G+C (SLC66T), 50 mol% G+C (ITV01) and 52.2 mol% G+C (Huett2), while 276 
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that of S. thermotolerans Y002T was 46 mol% G+C and S. ferrooxidans S0ABT was 277 

43.7 mol% G+C.  278 

In addition, whole genome analyses, including dDDH, ANI and AAI, were 279 

carried out on the five sequenced genomes to delineate species and genus (Fig. 6).  280 

The following values were used for species delineation ≥70% for dDDH [25,26] and 281 

≥95% for ANI [20,27,28] and ≥65% for AAI [20,28] was used for genus delineation. 282 

The results further support the contention that there are two different genera with AAI 283 

values <65% between the two strains of Sulfoacidibacillus (S0ABT and Y002T) and 284 

the three Ferroacidibacillus strains (ITV01, SLC66T and Huett2) (Fig. 6). In addition, 285 

ANI and dDDH provide evidence that the two proposed type strains of 286 

Sulfoacidibacillus (S. ferrooxidans S0ABT and S. thermotolerans Y002T) and that of 287 

strain of F. organovorans (SLC66T) are three different species with values for ANI 288 

<95% and dDDH <70%. The data also suggest that, whereas strain ITV-01 can be 289 

classified within the genus Ferroacidibacillus, it could be a representative of a 290 

different species from F. organovorans with ANI/AAI values <95% and dDDH <70% 291 

compared to strain SCL66T. This agrees with the 16S rRNA identity and the 292 

phylogenetic distribution mentioned above for these strains. The 16S rRNA identity 293 

data suggest that strain Gal-G1 is also like to be affiliated with this separate species.  294 

In summary, physiological, phylogenomic and phenotypic analysis of ten 295 

strains of acidophilic Firmicutes, isolated over a time span of over 30 years, has 296 

confirmed that they represented two novel genera and three distinct species. Traits 297 

held in common to all three species included being extremely acidophilic, having the 298 

ability to catalyse the dissimilatory oxidation and reduction of iron, and in being, in 299 

contrast to many acidophilic iron-oxidisers, obligately heterotrophic. Two species (F. 300 

organovorans and S. ferrooxidans) are mesophiles, while S. thermotolerans is a 301 

moderate thermophile. The ability to oxidise sulfur is characteristic of both proposed 302 

Sulfoacidibacillus spp.. F. organovorans is the most acid-sensitive of the three novel 303 
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species, while S. ferrooxidans could grow at pH 0.9, which characterises it as among 304 

the most acid-tolerant bacteria yet described [2].  305 

 306 

Description of Sulfoacidibacillus gen. nov. 307 

Sulfoacidibacillus gen. nov. (Sul.fo.a.ci.di.ba.cil’lus. L. neut. n. sulfur, sulfur; N.L. pref. 308 

sulfo-, pertaining to sulfur; acidum, an acid; L. dim. masc. n. bacillus, a small rod; 309 

N.L. masc. n. Sulfoacidibacillus, an acidophilic small rod that oxidises sulfur). 310 

 311 

Obligately acidophilic (pH growth optima <3), facultatively anaerobic heterotrophic 312 

Firmicutes. Motile rods that form terminal oval endospores. Catalyse both the 313 

dissimilatory oxidation and reduction of iron and the oxidation of zero-valent sulfur 314 

and tetrathionate. Optimum temperature 30 - 33ºC for mesophilic species and ~43ºC 315 

for moderately thermophilic species. Contain the quinone MK7, meso-2,6 316 

diaminopimelic acid type A1γ, and ai-15:0 and ai-17:0 are the dominant fatty acids. 317 

The G+C content of their chromosomal DNA is 44 - 46 mol%. Sulfoacidibacillus spp. 318 

are affiliated with the family Alicyclobacillaceae and order Bacillales of the Firmicutes 319 

phylum. The type species is Sulfoacidibacillus ferrooxidans. 320 

 321 

 322 

Description of Sulfoacidibacillus ferrooxidans sp. nov. 323 

 324 

Sulfoacidibacillus ferrooxidans (ferro.ox’i.dans. L. n. ferrum iron; ferro- denoting the 325 

oxidation of iron (II) (ferrous iron); M.L. v. oxido oxidise; M.L.  part. adj. ferrooxidans 326 

ferrous iron-oxidising). 327 

Gram-positive, endospore-forming Firmicutes. Motile rods, 2 - 3 μm long by ~ 0.5 μm 328 

wide. Mesophilic and extremely acidophilic, with temperature growth optimum of ~ 329 

33ºC and pH optimum of ~ 1.7; growth also occurs at pH 0.9. Obligately 330 

heterotrophic; yeast extract preferred as a source of organic carbon. Oxidises and 331 

Jo
urn

al 
Pre-

pro
of



13 

 

reduces iron and catalyses the dissimilatory oxidation of zero-valent sulfur and 332 

tetrathionate. Forms gelatinous colonies on acidic solid media containing ferrous iron, 333 

tryptone soya broth and tetrathionate, with typical “fried egg” (ferric iron centred, 334 

white peripheries) morphologies. The dominant menaquinone is MK7, and  335 

meso-2,6 diaminopimelic acid type A1γ is the diamino acid in its peptidoglycan. The 336 

major fatty acids are ai-15:0 and ai-17:0. Chromosomal base composition of the type 337 

strain is 43.7 mol% G+C. Strains have been isolated from commercial zero-valent 338 

sulfur and acidic sediment in a volcanic lake. The type strain is S0ABT (= DSM 339 

105355T = JCM 33225T). 340 

 341 

Description of Sulfoacidibacillus thermotolerans sp. nov. 342 

 343 

Sulfoacidibacillus thermotolerans (ther.mo.to'le.rans. Gr. n. thermê; heat; L. part. adj. 344 

tolerans, tolerating; N.L. part. adj. thermotolerans, heat-tolerating, able to tolerate 345 

high temperatures). 346 

Gram-positive, endospore-forming Firmicutes. Motile rods, 3 – 4 μm long by ~ 0.5 μm 347 

wide. Moderately thermophilic and extremely acidophilic, with temperature growth 348 

optima of ~ 43ºC and pH optima of ~ 1.8 (minima ~ pH 1.6). Obligately heterotrophic; 349 

yeast extract preferred as a source of organic carbon. Oxidises and reduces iron. 350 

Catalyses the dissimilatory oxidation of zero-valent sulfur and tetrathionate. Forms 351 

gelatinous colonies on acidic solid media containing ferrous iron, tryptone soya broth 352 

and tetrathionate, with typical “fried egg” (ferric iron centres with white peripheries) 353 

morphologies. The dominant menaquinone is MK7, and meso-2,6 diaminopimelic 354 

acid type A1γ is the diamino acid in its peptidoglycan. The major fatty acids are ai-355 

15:0 and ai-17:0. Chromosomal base composition of the type strain is 46 mol% G+C. 356 

Isolates were obtained from a geothermal site in Yellowstone National Park, Wyo. 357 

The type strain is strain Y002T (= ATCC TSD-104T = JCM 31946T). 358 

 359 
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Description of Ferroacidibacillus gen. nov. 360 

Ferroacidibacillus gen. nov. (Fer.ro.a.ci.di.ba.cil’lus. L. neut. n. ferrum, iron; N.L. pref. 361 

ferro-, pertaining to Fe(II) (ferrous iron); L. neut. n. acidum, an acid; L. dim. masc. n. 362 

bacillus, a small rod; N.L. masc. n. Ferroacidibacillus, an acidophilic small rod that 363 

oxidises ferrous iron).  364 

Obligately acidophilic (pH growth optima <3), facultatively anaerobic heterotrophic 365 

Firmicutes. Motile rods that form terminal oval endospores. Catalyse both the 366 

dissimilatory oxidation and reduction of iron. Optimum temperature for growth is 367 

~30°C. Contain the quinone MK7, meso-2,6 diaminopimelic acid type A1γ, and ai-368 

15:0 and ai-17:0 are the dominant fatty acids. The G+C content of their chromosomal 369 

DNA is 50 – 52 mol%. Ferroacidibacillus spp. are affiliated with the family 370 

Alicyclobacillaceae and order Bacillales of the Firmicutes phylum. The type species is 371 

Ferroacidibacillus organovorans. 372 

 373 

Description of Ferroacidibacillus organovorans sp. nov.  374 

 375 

Ferroacidibacillus organovorans (or.gan.i.vor’ans; N. L. n.organum, organic 376 

compound; L. part. adj. vorans, devouring. N. L. part. adj. organovorans, organic 377 

substrate-devouring). 378 

Gram-positive, endospore-forming Firmicutes. Motile rods, 1.5 – 1.8 μm long by ~ 0.4 379 

μm wide. Mesophilic and extremely acidophilic, with temperature optima of ~30ºC 380 

and pH optima/minima of 2.9/1.9 (type strain) and pH minima of ~ 1.75 (other 381 

strains). Obligately heterotrophic; yeast extract preferred as a source of organic 382 

carbon. Oxidises and reduces iron, but not sulfur. Forms gelatinous colonies on 383 

acidic solid media containing ferrous iron, tryptone soya broth and tetrathionate, with 384 

typical “fried egg” (ferric iron centres with white peripheries) morphologies. The 385 

dominant menaquinone is MK7, and meso-2,6 diaminopimelic acid type A1γ is the 386 

diamino acid in its peptidoglycan. The major fatty acids are ai-15:0 and ai-17:0. 387 
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Chromosomal base composition is 50 - 52 mol% G+C. Isolates have been obtained 388 

from a variety of environments impacted by metal mining, including solid wastes and 389 

water bodies, and also from geothermal areas. The type strain is strain SLC66T (= 390 

ATCC TSD-103T = JCM 31945T). 391 

 392 

 393 
Acknowledgements 394 
 395 

     We are indebted to Professor Aharon Oren (Hebrew University of Jerusalem, 396 

Israel) for his advice on bacterial nomenclature. Roseanne Holanda is grateful to the 397 

National Council of Technological and Scientific Development (Brazil) for provision of 398 

a research studentship. This work was supported by FONDECYT 1181717 (DH), and 399 

FB210008 Financiamiento Basal para Centros Científicos y Tecnológicos de 400 

Excelencia de ANID (DH). 401 

 402 

Conflicts of interest 403 

 404 

The authors declare that there are no conflicts of interest. 405 

 406 
 407 

References 408 

 409 

[1] Dopson M, Physiological and phylogenetic diversity of acidophilic bacteria, in 410 

Quatrini R, Johnson DB (Eds), Acidophiles: life in extremely acidic environments, 411 

Caistor Academic Press, Haverhill, UK, 2016, pp. 79-92. 412 

https://doi.org/10.21775/9781910190333. 413 

[2] Johnson DB, Aguilera A, Extremophiles and acidic environments, in: Schmidt TM 414 

(Ed), Encyclopedia of microbiology, 4th Edition, Elsevier, UK, 2019, vol. 2, pp. 206-415 

227. https://doi.org/10.1016/B978-0-12-809633-8.90687-3. 416 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.21775/9781910190333
https://doi.org/10.1016/B978-0-12-809633-8.90687-3


16 

 

[3] Holanda R, Hedrich S, Nancucheo I, Oliveira G, Grail BM, Johnson DB. Isolation and 417 

characterisation of mineral-oxidising “Acidibacillus” spp. from mine sites and 418 

geothermal environments in different global locations. Res Microbiol 2016; 167:613-419 

623. https://doi.org/10.1016/j.resmic.2016.04.008. 420 

[4] Schopf S, Ulrich SR, Heine T, Schlömann M. Draft genome of the heterotrophic iron-421 

oxidising bacterium “Acidibacillus ferroxidans” Huett2, isolated from a mine drainage 422 

ditch in Freiberg, Germany. Genome Announc 2017; 5:e00323-17. 423 

https://doi.org/10.1128/genomeA.00323-17.  424 

[5] Pakostova E, Johnson DB. Microbial generation of sulfuric acid from granular 425 

elemental sulfur in laboratory-scale bioreactors. Hydrometallurgy 2019; 190:105152. 426 

https://doi.org/10.1016/j.hydromet.2019.105152.  427 

[6] Johnson DB, Hallberg KB, Techniques for detecting and identifying acidophilic 428 

mineral-oxidising microorganisms, in Rawlings DE, Johnson DB (Eds), Biomining, 429 

Springer-Verlag, Heidelberg, Germany, 2007, pp. 237-262. 430 

https://doi.org/10.1007/978-3-540-34911-2_12. 431 

[7] Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: 432 

improvements in performance and usability. Mol Biol Evol 2013; 30:772-780. 433 

https://doi.org/10.1093/molbev/mst010. 434 

[8] Kalyaanamoorthy S, Minh B, Wong T et al. ModelFinder: fast model selection for 435 

accurate phylogenetic estimates. Nat Methods 2017; 14:587–589. 436 

https://doi.org/10.1038/nmeth.4285. 437 

[9] Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, Von Haeseler A, 438 

Lanfear R. IQ-TREE 2: new models and efficient methods for phylogenetic inference 439 

in the genomic era. Mol Biol Evol 2020; 37:1530-1534. 440 

https://doi.org/10.1093/molbev/msaa015. 441 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1016/j.resmic.2016.04.008
https://doi.org/10.1128/genomeA.00323-17
https://doi.org/10.1016/j.hydromet.2019.105152
https://doi.org/10.1007/978-3-540-34911-2_12
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msaa015


17 

 

[10] Hoang DT, Chernomor O, Von Haeseler A, Minh BQ, Vinh LS. UFBoot2: improving 442 

the ultrafast bootstrap approximation. Mol Biol Evol 2018; 35:518-522.  443 

https://doi.org/10.1093/molbev/msx281. 444 

[11] Letunic I, Bork P. Interactive Tree of Life (iTOL) v5: an online tool for phylogenetic 445 

tree display and annotation. Nucleic Acids Res 2021; 49(W1), W293-W296. 446 

https://doi.org/10.1093/nar/gkab301. 447 

[12] Jain C, Rodriguez RLM, Phillippy AM et al. High throughput ANI analysis of 90K 448 

prokaryotic genomes reveals clear species boundaries. Nat Commun 2018; 9:5114. 449 

https://doi.org/10.1038/s41467-018-07641-9. 450 

[13] Meier-Kolthoff JP, Auch AF, Klenk HP, Göker M. Genome sequence-based species 451 

delimitation with confidence intervals and improved distance functions. BMC 452 

Bioinformatics 2013; 14:1-14. https://doi.org/10.1186/1471-2105-14-60.  453 

[14] Meier-Kolthoff JP, Carbasse JS, Peinado-Olarte RL, Göker M. TYGS and LPSN: a 454 

database tandem for fast and reliable genome-based classification and nomenclature 455 

of prokaryotes. Nucleic Acids Res 2022; 50(D1):D801-D807. 456 

https://doi.org/10.1093/nar/gkab902. 457 

[15] Hedrich S, Johnson DB. Aerobic and anaerobic oxidation of hydrogen by acidophilic 458 

bacteria. FEMS Microbiol Lett 2013; 349:40-45. https://doi.org/10.1111/1574-459 

6968.12290. 460 

[16] Vera M, Schippers A, Sand W. Progress in bioleaching: fundamentals and 461 

mechanisms of bacterial metal sulfide oxidation – part A. Appl Microbiol Biotechnol 462 

2013; 97:7529-7541. https://doi.org/10.1007/s00253-013-4954-2. 463 

[17] Matsubara H, Goto, K, Matsumura T, Mochida K Iwaki, M, Niwa M, Yamasato K.  464 

Alicyclobacillus acidiphilus sp. nov., a novel thermo-acidophilic, ω-alicyclic fatty acid-465 

containing bacterium isolated from acidic beverages. Int J Syst Evol Microbiol 2002; 466 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.1111/1574-6968.12290
https://doi.org/10.1111/1574-6968.12290
https://doi.org/10.1007/s00253-013-4954-2


18 

 

52:1681–1685. https://doi.org/10.1099/00207713-55-5-2233. 467 

[18] Chun J, Oren A, Ventosa A, Christensen H, Arahal DR, da Costa MS, Rooney AP, 468 

Yi H, Xu XW, De Meyer S, Trujillo ME. Proposed minimal standards for the use of 469 

genome data for the taxonomy of prokaryotes. Int J System Evol Microbiol 2018; 470 

68:461-466. https://doi.org/10.1099/ijsem.0.002516. 471 

[19] Johnson JS, Spakowicz DJ, Hong BY, Petersen LM, Demkowicz P, Chen L, 472 

Leopold SR, Hanson BM, Agresta HO, Gerstein M, Sodergren E. Evaluation of 16S 473 

rRNA gene sequencing for species and strain-level microbiome analysis. Nat Comm 474 

2019; 10:5029. https://doi.org/10.1038/s41467-019-13036-1. 475 

[20] Konstantinidis KT, Rosselló-Móra R, Amann R. Uncultivated microbes in need of 476 

their own taxonomy. ISME J 2017; 11:2399-2406. 477 

https://doi.org/10.1038/ismej.2017.113. 478 

[21] Nancucheo I, Oliveira R, Dall'Agnol H, Johnson DB, Grail B., Holanda, R. et al. 479 

Draft genome sequence of a novel species of acidophilic Iron-oxidising Firmicute, 480 

"Acidibacillus ferrooxidans" (SLC66T). Genome Announc 2016; 4:e00383-16. 481 

https://doi.org/10.1128/genomeA.00383-16. 482 

[22] Dall'Agnol H, Ñancucheo I, Johnson DB, Oliveira R, Leite L, Pylro VS, et al.  Draft 483 

genome sequence of "Acidibacillus ferrooxidans" ITV01, a novel acidophilic Firmicute 484 

isolated from a chalcopyrite mine drainage site in Brazil. Genome Announc 2016 485 

4:e01748-15.https://doi:10.1128/genomeA.01748-15.  486 

[23] Bitencourt J, Scholte L, Oliveira R, Morais D, Nunes G, Nancucheo I, Valadares R, 487 

Holmes DS, Johnson DB, Alves R, Oliveira, G. Draft genome sequence of a novel 488 

moderately thermophilic, iron- and sulfur-oxidising Firmicute strain Y002, isolated 489 

from an extremely acidic geothermal environment. Microbiol Resour Announc 2022; 490 

11 10.1128/mra.00149-22. https://doi.org/10.1128/mra.00149-22. 491 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1099/00207713-55-5-2233
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1038/ismej.2017.113
https://doi.org/10.1128/genomeA.00383-16
https://doi.org/10.1128/mra.00149-22


19 

 

[24] Vergara E, Pakostova E, Johnson DB, Holmes DS. Draft genome sequence of 492 

Firmicute strain S0AB, a heterotrophic iron/sulfur-oxidising extreme acidophile. 493 

Microbiol Resourc Announc 2022; https://doi.org/10.1128/mra.00271-22. 494 

[25] Richter M, Rosselló-Móra R. Shifting the genomic gold standard for the prokaryotic 495 

species definition. P Natl Acad Sci USA 2009; 106:19126-19131. 496 

https://doi.org/10.1073/pnas.0906412106. 497 

[26] Auch AF, von Jan M, Klenk HP, Göker M. Digital DNA-DNA hybridization for microbial 498 

species delineation by means of genome-to-genome sequence comparison. Stand 499 

Genom Sci 2010; 2:117-34. https://doi.org/10.4056/sigs.531120. 500 

[27] Kim M, Oh HS, Park SC, Chun J. Towards a taxonomic coherence between average 501 

nucleotide identity and 16S rRNA gene sequence similarity for species demarcation of 502 

prokaryotes. Int J Syst Evol Microbiol 2014; 64:346-51. 503 

https://doi.org/10.1099/ijs.0.059774-0. 504 

[28] Konstantinidis KT, Tiedje JM. Towards a genome-based taxonomy for prokaryotes. 505 

J Bacteriol 2005; 187:6258–6264. https://doi.org/10.1128/JB.187.18.6258-6264.2005. 506 

[29] Johnson DB, Bacelar-Nicolau P, Okibe N, Yahya A, Hallberg KB, Role of pure and 507 

mixed cultures of Gram-positive eubacteria in mineral leaching, in Ciminelli VST, 508 

Garcia Jr. O (Eds), Biohydrometallurgy: fundamentals, technology and sustainable 509 

development, Process Metallurgy 11A, Elsevier, Amsterdam, 2001, pp. 461-470.  510 

[30] Atkinson T, Cairns S, Cowan DA, Danson MJ, Hough DW, Johnson DB.  et al. A 511 

microbiological survey of Montserrat island hydrothermal biotopes. Extremophiles 512 

2000; 14:305-313. https://doi.org/10.1007/s007920070018. 513 

[31] Falagán C, Sanchez-Espana J, Johnson DB. New insights into the biogeochemistry 514 

of extremely acidic environments revealed by a combined cultivation-based and 515 

culture-independent study of two stratified pit lakes. FEMS Microbiol Ecol 2014; 516 

87:231-243. https://doi.org/10.1111/1574-6941.12218. 517 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1128/mra.00271-22
https://doi.org/10.1073/pnas.0906412106
https://dx.doi.org/10.4056%2Fsigs.531120
https://doi.org/10.1099/ijs.0.059774-0
https://doi.org/10.1128/JB.187.18.6258-6264.2005
https://doi.org/10.1007/s007920070018
https://doi.org/10.1111/1574-6941.12218


20 

 

[32] Johnson DB, Okibe N, Roberto F. Novel thermo-acidophiles isolated from 518 

geothermal sites in Yellowstone National Park: physiological and phylogenetic 519 

characteristics. Arch Microbiol 2003; 180:60-68. https://doi.org/10.1007/s00203-003-520 

0562-3.  521 

Jo
urn

al 
Pre-

pro
of

https://doi.org/10.1007/s00203-003-0562-3
https://doi.org/10.1007/s00203-003-0562-3


Figure legends  

Fig. 1. Correlation between cell numbers and (a) ferrous iron oxidised in media 

containing 0.005% (w/v) yeast extract, and (b) concentration of yeast extract in media 

containing 10 mM ferrous iron, by S. ferrooxidans S0ABT. Error bars show ranges of 

duplicate cultures. Cells were enumerated using a Thoma counting chamber, and 

ferrous iron using the ferrozine colorimetric assay, as described in [3]. 

 

Fig. 2. Growth of S. ferrooxidans S0ABT by ferric iron respiration, showing changes in 

(a) ferrous iron concentrations, (b) cell numbers and (c) pH during incubation of 

inoculated cultures (filled symbols) and non-inoculated controls (hollow symbols). 

Symbols depict mean values and error bars (where visible) data ranges of duplicate 

cultures. 

 
Fig. 3. Effect of (a) pH and (b) temperature on culture doubling times (td) of S. 

ferrooxidans S0ABT grown in a bioreactor maintained at (a) 32.5ºC, and (b) pH 2.0. 

 
Fig. 4. 16S rRNA maximum likelihood phylogenetic tree of acidophilic Firmicutes and 

other acidophilic Gram-positive showing the three proposed new species of Gram-

positive acidophiles belonging to the two proposed new genera, namely: 

Sulfoacidibacillus thermotolerans Y002T, Sulfoacidibacillus ferrooxidans S0ABT and 

Ferrooacidibacillus organovorans SLC66T (highlighted in bold). GenBank accession 

numbers are shown in parentheses. Scale bar = nucleotide substitutions per position. 

Black bullets = bootstrap values ≥70%. The phylogeny was constructed using 

maximum likelihood with MAFFT and IQ-TREE. 

 
Fig. 5. 16S rRNA sequence identity matrix of the three proposed new species of 

Gram-positive acidophiles belonging to two of the proposed new genera, namely: 

(top left box) Sulfoacidibacillus thermotolerans Y002T and Sulfoacidibacillus 
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ferrooxidans S0ABT and (bottom right box) Ferroacidibacillus organovorans SLC66T 

and an unnamed species represented by strains ITV01 and Gal-G1. Dark grey 

shading = strains proposed to be the same species as the respective type strains. 

Light grey shading = other strains belonging to the same genera but not the same 

species as the respective type strain. 

 
Fig. 6. Sequence identity matrix of the five strains of Sulfoacidibacillus and Ferroacidibacillus 

using data derived from a comparison of their genome sequences using dDDH, ANI and AAI. 

Dark grey highlight (dDDH, ANI and AAI) = predicted same species, and light grey highlight 

in AAI box = predicted same genus. NA = for ANI value much below 80%. 
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Table 1 

Sites (and dates) from which strains of Ferroacidibacillus and Sulfoacidibacillus were 

isolated.  

 

    

 

Isolate Site and date of origin Reference 

 

              Ferroacidibacillus spp. 

SLC66T 

& SLC40 

Experimental system used to accelerate the oxidation 

of mine waste (pH 2.9, 25°C ); Utah (1994) 

[29] 

Gal-G1 Geothermal area (pH 3.0, 80°C);  

Soufriere Hills, Montserrat, W.I. (1996) 

[30] 

GS1 Sediment in a pit lake at an abandoned copper mine 

(pH 3.8, 23°C); Spain (2015) 

 

[31] 

ITV01 Stream draining waste rock at a copper mine  

(pH 4.9, 32°C); Brazil (2013) 

[3] 

BSH1 Constructed wetland receiving coal mine drainage  

(pH 7.0, 14°C); England (2014) 

[3] 

Huett2 Mine drainage ditch; Freiberg, Germany  [4] 

             S. thermotolerans 

Y002T & 

Y0010 

Geothermal area (pH 2.7, 30-60°C);  

Yellowstone National Park, Wyoming (2000) 

[32] 

             S. ferrooxidans 

S0ABT Commercial elemental (zero-valent) sulfur; UK (2017) [5] 

ALD3 Acidic sediment, Kawah Ijen volcanic lake; Indonesia (2018)  unpublished Jo
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Table 2 

Polar acids detected in Ferroacidibacillus and Sulfoacidibacillus spp. grown in ferrous 

iron/yeast extract liquid medium (analysis carried out by the Identification Service, 

DSMZ, Braunschweig, Germany). 

 Bacterium 

 F. organovorans 

SLC66T 

S. thermotolerans 

Y002T 

S. ferrooxidans 

S0ABT 

Aminolipid - - + 

Glycolipid + + + 

Phospholipid - + + 

Phosphatidylglycerol + + + 

Diphosphatidylglycerol + + + 

Phosphatidylethanolamine + + - 
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