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a b s t r a c t

Ten strains of extremely acidophilic bacteria, isolated from different environments form a distinct
monophyletic clade within the phylum Firmicutes. Comparison of complete genomes of the proposed
type strains confirm that they comprise two genera (proposed names Sulfoacidibacillus and Ferroacidi-
bacillus), and at least three species (Sulfoacidibacillus ferrooxidans, Sulfoacidibacillus thermotolerans and
Ferroacidibacillus organovorans). The bacterial strains share some physiological traits, including catalysing
the dissimilatory oxidation and reduction of iron, and in being obligately heterotrophic. Both species of
Sulfoacidibacillus are also able to oxidise elemental sulfur and tetrathionate. Both S. ferrooxidans and
Ferroacidibacillus spp. are mesophilic, while S. thermotolerans isolates are moderate thermophiles. The
isolates display different degrees of acid-tolerance: Ferroacidibacillus spp. are the most acid-sensitive
while the type strain of S. ferrooxidans grows at pH 0.9. MK7 was detected as the sole menaquinone
present in all three nominated type strains, and their peptidoglycans all contain meso-2,6 dia-
minopimelic acid type A1g. The chromosomal DNA of the strains examined contain between 44 and
52 mol% G þ C. The nominated type strains of the new species are S. ferrooxidans S0ABT (¼ DSM
105355T ¼ JCM 33225T); S. thermotolerans Y002T (¼ ATCC TSD-104T ¼ JCM 31946T); F. organovorans
SLC66T (¼ ATCC TSD-103T ¼ JCM 31945T).
© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Prokaryotes categorized as extreme acidophiles (generally
considered to be species that grow optimally at or below pH 3)
occur within several phyla of the domain Bacteria, including the
Firmicutes (endospore-forming rod-shaped eubacteria that have
low G þ C contents of their chromosomal DNA) [1,2]. To date, two
genera of extremely acidophilic Firmicutes have been validated,
Sulfobacillus and Alicyclobacillus (order Bacillales, family Alicyclo-
bacillaceae), and include species that are mostly moderately ther-
mophilic, though some are mesophiles. Sulfobacillus spp. are
facultative anaerobes that can grow autotrophically using ferrous
iron, reduced and zero-valent sulfur (ZVS) and, in some cases,
tut Pasteur. This is an open access article under the CC BY-NC-ND license (http://
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hydrogen as electron donors, heterotrophically using carbohy-
drates and other organic substrates, and as chemolitho-
heterotrophs in which inorganic electron donors are oxidised and
organic materials, such as yeast extract, are used as carbon sources.
The genus Alicyclobacillus includes some species that are moder-
ately acidophilic and are responsible for the spoilage of pasteurised
fruit juice, and others that are more similar to Sulfobacillus spp. in
that they are extreme acidophiles that catalyse the dissimilatory
oxidation of iron and sulfur. Iron- and sulfur-oxidising Alicycloba-
cillus spp. also display greater propensity for heterotrophic growth
than Sulfobacillus spp. and tend to have higher pH minima for
growth.

Comparison of 16S rRNA gene sequences suggested that some
acidophilic Firmicutes were not affiliated to either Sulfobacillus or
Alicyclobacillus [3]. Ten such isolates were found to fall into two
phylogenetic groups, and all of them shared some physiological
traits, in that: (i) they were extreme acidophiles that oxidised
ferrous iron; (ii) they used either molecular oxygen or ferric iron as
terminal electron acceptor; (iii) they were obligate heterotrophs
and did not grow in organic carbon-free media. However, the two
groups differed in two key characteristics. One group, represented
at that time by two strains, were also able to catalyse the dissimi-
latory oxidation of elemental sulfur and tetrathionate and were
moderate thermophiles, while the six strains of the other group
could not oxidise sulfur and were mesophilic. Based on analysis of
their 16S rRNA genes, a single genus name (“Acidibacillus”) was
proposed for both groups, and the species names “Acidibacillus
sulfuroxidans” and “Acidibacillus ferrooxidans”.

Here we describe the isolation and characteristics of a third
novel species of this group of Firmicutes and demonstrate that,
based on the comparison of the entire genomes of the three pro-
posed type strains, they comprise two distinct genera with the
proposed names of Sulfoacidibacillus (iron/sulfur-oxidising strains)
and Ferroacidibacillus (strains that oxidise iron but not sulfur).
2. Materials and methods

2.1. Origins and isolation of strains

The sites from where the six strains of bacteria previously
referred to as “Acidibacillus ferrooxidans” [3,4] and the two strains
previously named as “Acidibacillus sulfuroxidans” [3] are shown in
Table 1. Two strains of a putative third species of this novel group of
acidophilic Firmicutes were subsequently isolated in one of the
author's laboratories. One of these (strain S0ABT) was isolated from
laboratory-grade ZVS (supplied by the Peak Trading Company,
Nottingham, U.K.) and was studied in detail. The sulfur was used to
generate sulfuric acid, and the microbial population in the biore-
actor that was commissioned for this was initially dominated by
Table 1
Sites (and dates) from which strains of Ferroacidibacillus and Sulfoacidibacillus were isola

Isolate Site and date of origin

Ferroacidibacillus spp.
SLC66T & SLC40 Experimental system used to accelerate the oxida
Gal-G1 Geothermal area (pH 3.0, 80 �C); Soufriere Hills, M
GS1 Sediment in a pit lake at an abandoned copper m
ITV01 Stream draining waste rock at a copper mine (pH
BSH1 Constructed wetland receiving coal mine drainag
Huett2 Mine drainage ditch; Freiberg, Germany
S. thermotolerans
Y002T & Y0010 Geothermal area (pH 2.7, 30e60 �C); Yellowstone
S. ferrooxidans
S0ABT Commercial elemental (zero-valent) sulfur; U.K. (
ALD3 Acidic sediment, Kawah Ijen volcanic lake; Indon

2

strain S0ABT [5]. An isolate with identical physiological traits (iron/
sulfur oxidation, temperature response) was obtained from
enrichment cultures of the same batch of ZVS (Eva Pakostova and D.
Barrie Johnson, unpublished data). In common with the eight
strains described previously [3], colonies of S0ABT grew readily on
an overlay medium containing ferrous iron, tetrathionate and
tryptone soya broth [6]. Axenic cultures were obtained by repeated
single colony isolation, and subsequently transferred into a liquid
medium containing 10 mM ferrous iron, 0.02% (w/v) yeast extract,
with an initial pH of 2.0. A second bacterium (isolate ALD3) that
shared 99% identity of its 16S rRNA gene with strain S0ABT (1259
and 1272 base pairs, respectively) was isolated from acidic (pH 0.5)
sediment from a volcanic lake (Kawah Ijen) in Indonesia (Ali Budhi
Kusuma (Newcastle University, U.K.) and D. Barrie Johnson, un-
published data), though morphological characterisation and phys-
iological tests (oxidation of iron and sulfur, requirement for organic
carbon and temperature response) carried out with strain ALD3
were less comprehensive, due to the isolate losing viability.

2.2. Phylogenetic analysis

Comparison of 16S rRNA gene sequences (ranging in size from
1168 to 1467 base pairs) of strain S0ABT to those of other acidophilic
Firmicutes was carried out as described previously [3]. In brief, DNA
was extracted from cultures grown in 20mM ferrous iron/0.02% (w/
v) yeast extract medium (pH 1.8) using the FastDNA Spin Kit for Soil
(MP Biomedicals), and 16S rRNA genes amplified by PCR using
DreamTaq PCR Master Mix (Thermo Fisher) and primers 27F (50-
AGT GTT TGA TCC TGG GTC AG-30) and GM4R (50- TAC CTT GTT ACG
ACT T-30). PCR products were purified and overlapping sequencing
from both sides of the gene was performed by Seqlab (Germany). A
phylogenetic tree was constructed using the following programs
and parameters: multiple sequence alignment by MAFFT v7.475
with the L-INS-i iterative refinement method [7]; prediction of the
best suited model and tree construction was performed using
ModelFinder implemented in IQ-TREE multicore v2.0.3 [8,9]. To
assess the support of each branch, the non-parametric ultrafast
bootstrap method (with 1000 replicates) was used [10]. The
phylogenetic tree was visualized with iTOL [11] and edited using
Inkscape (https://inkscape.org/).

2.3. Genome-based classification

The following genome analyses were carried out on the three
proposed type strains (S0ABT, SLC66T and Y002T) and also on strains
ITV01 and Huett2. Average nucleotide identity (ANI) between ge-
nomes was calculatedwith ANIb using default parameters andwith
FastANI where organisms with ANI values > 95% were considered
to belong to the same species [12]. Digital DNAeDNA hybridization
ted.

Reference

tion of mine waste (pH 2.9, 25 �C); Utah (1994) [29]
ontserrat, W.I. (1996) [30]

ine (pH 3.8, 23 �C); Spain (2015) [31]
4.9, 32 �C); Brazil (2013) [3]
e (pH 7.0, 14 �C); U.K. (2014) [3]

[4]

National Park, Wyoming (2000) [32]

2017) [5]
esia (2018) unpublished

https://inkscape.org/
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(dDDH) was carried out using the genome-to-genome distance
calculator v3.0 (GGDC) [13,14] with Formula 2 as recommended for
datasets with draft genomes. Average amino acid identity (AAI) was
calculated between each pair of genomes using CompareM v0.1.2
(https://github.com/dparks1134/CompareM) performed using the
‘aai wf’ command using default parameters.

2.4. Physiological characterisation of strains S0ABT and ALD3

Oxidation of ferrous iron, zero-valent sulfur and tetrathionate by
strain S0ABT was assessed by growing cultures in acidic media, both
with and without yeast extract (added at 0.02% (w/v)) as described
by Holanda et al. [3]. The ability of isolate S0ABT to use hydrogen as
electron donor in the presence or absence of yeast extract, was tested
as described by Hedrich and Johnson [15] and its ability to catalyse
the oxidative dissolution of pyrite (FeS2) was assessed by inoculating
cultures into a liquid medium (pH 2.0) containing 1% (w/v) sterile
pyrite, ± 0.02% (w/v)) yeast extract. Growth of strain S0ABT under
anaerobic conditions using ferric iron as electron acceptor was
investigated using an approach described by Holanda et al. [3].

2.5. Response to pH and temperature

The effect of pH and temperature on the growth rate of Sulfoa-
cidibacillus ferrooxidans S0ABT was assessed by growing the isolate
under either fixed pH (2.0) and variable temperature, or fixed
temperature (32.5 �C) and variable pH in a stirred and aerated
bioreactor (1.5 L working volume (Electrolab, UK)) in ferrous iron/
yeast extract liquid medium. Semi-logarithmic plots of iron oxi-
dised against time were used to evaluate culture doubling times.

2.6. Chemotaxonomic characterisation

Biomass of the proposed three type strains (S. ferrooxidans S0AB,
Sulfoacidibacillus thermotolerans Y002 and Ferroacidibacillus orga-
novorans SLC66) were grown in the laboratory in media containing
10mM ferrous iron and 0.05% (w/v) yeast extract, cells harvested by
centrifugation and freeze-dried pellets sent to the DSMZ (Deutsche
Sammlung von Mikrooganismen und Zellkulturen, Braunschweig,
Germany) for analysis of fatty acids, polar lipids, respiratory qui-
nones and peptidoglycans.

3. Results and discussion

3.1. Physiological and phenotypic characteristics of
Sulfoacidibacillus and Ferroacidibacillus spp.

The ten strains of Sulfoacidibacillus and Ferroacidibacillus exam-
ined (i.e., all those listed in Table 1 except Huett2 which was not
tested in the authors’ laboratories) are obligate heterotrophs that
catalyse the dissimilatory oxidation of ferrous iron in acidic media.
Stain Huett2 was described as an acidophilic, heterotrophic, iron-
oxidizing Firmicute that did not oxidise sulfur [4]. No growth was
evidentwithout the inclusion of organic carbon, such as yeast extract,
in growth media. Cell yields of F. organovorans and S. thermotolerans
have previously been reported to correlate with amounts of ferrous
iron oxidised [3] and this was confirmed also to be the case for
S. ferrooxidans S0ABT (Fig. 1a), suggesting that these acidophiles can
use energyderived fromthe dissimilatoryoxidation of ferrous iron. In
addition, cell numbers of S. ferrooxidans S0ABT correlated with con-
centrations of yeast extract in culture media containing 10 mM
ferrous iron (Fig. 1b) as previously demonstrated for the proposed
type strains of both F. organovorans and S. thermotolerans [3].

Both ZVS and tetrathionate were oxidised by isolates of both
S. ferrooxidans (Supplementary Fig. S1) and S. thermotolerans
3

though none of the six isolates of Ferroacidibacillus was able to
catalyse the dissimilatory oxidation of reduced sulfur [3]. None of
the ten isolates studied was able to catalyse the dissimilatory
oxidation of hydrogen; cell numbers in liquid media containing
0.005% (w/v) yeast extract incubated under atmospheres that were
or were not enriched with hydrogen showed no significant differ-
ences (data not shown).

In theory, prokaryotes that oxidise ferrous iron at low pH should
also be able to catalyse the oxidative dissolution of sulfide mineral,
such as pyrite (FeS2), since soluble ferric iron is the primary oxidant
of theseminerals in acidic liquors [16]. This was confirmed to be the
case with the three proposed novel species of acidophilic Firmi-
cutes where concentrations of soluble iron and redox potentials
(which reflect the ratios of ferric to ferrous iron) both increased
during culture incubation ([3] and Supplementary Fig. S2). How-
ever, in all cases, very little oxidation of pyrite occurred when yeast
extract was omitted from culture media.

All six strains of Ferroacidibacillus and both isolates of
S. thermotolerans were reported to catalyse the dissimilatory
reduction of ferric to ferrous iron in cultures incubated anaero-
bically, where yeast extract acted as both electron donor and
carbon source [3]. Fig. 2 shows data for ferric iron reduction by
S. ferrooxidans S0ABT in a liquid medium (initial pH 1.8), containing
5 mM glucose, 0.005% (w/v) yeast extract and 10mM ferric sulfate,
and incubated under anaerobic conditions. Iron reduction paral-
leled increases in cell numbers, and the pH of inoculated cultures
declinedwith time (dissimilatory reduction of soluble ferric iron is
a proton-generating reaction).

Ferroacidibacillus and S. thermotolerans were previously
described as extreme acidophiles [3] as their pH growth optima
were <3. Strains of the latter were noted to be more tolerant of
extreme acidity than the six strains of Ferroacidibacillus. The
proposed type strain of F. organovorans (SLC66) has a pH opti-
mum and minimum of 2.9 and 1.9, respectively, while the cor-
responding numbers for the type strain of S. thermotolerans
(Y002) were 1.8 and 1.6. S. ferrooxidans S0ABT was more acido-
philic than both the other nominated novel species; its optimum
growth pH was 1.7 and growth was also observed at pH 1.0
(Fig. 3a) and pH 0.9 (data not shown). No growth was observed
in pH 0.8 media. Strains of Ferroacidibacillus and
S. thermotolerans were also previously shown to differ in their
response to temperature, with the former being mesophilic and
the later moderately thermophilic [3]. F. organovorans SLC66T

had a growth temperature optimum and maximum of ~30 �C and
37.5 �C, respectively, while the corresponding numbers for
S. thermotolerans Y002T were ~43 �C and 50 �C. S. ferrooxidans
S0ABT was shown, like Ferroacidibacillus, to be mesophilic, with a
growth temperature optimum at ~33 �C and maximum at 37.5 �C
(Fig. 3b). When grown under optimum conditions of pH and
temperature, F. organovorans SLC66T had a culture doubling time
of 6.7 h, corresponding to a maximum growth rate (mmax) of 0.10
h�1, S. thermotolerans Y002T of 2.1 h (mmax 0.33 h�1), and
S. ferrooxidans S0ABT of 2.7 h (mmax 0.26 h�1).

For all three of the proposed type species of the novel Firmi-
cutes, MK7 was detected as the sole menaquinone present, as also
reported for the acidophilic Firmicute, Alicyclobacillus [17]. The
peptidoglycans of F. organovorans SLC66T, S. thermotolerans Y002T

and S. ferrooxidans S0ABT all contained meso-2,6 diaminopimelic
acid type A1g as the diamino acid, and alanine and glutamic acid
were detected in hydrolysates of the polymer. The distribution of
the polar acids detected in the three novel species is shown in
Table 2. The fatty acid profiles were broadly similar in all three type
strains, with the major fatty acids detected being 15:0 anteiso and
17:0 anteiso, with relatively higher amounts of the former in the
two mesophilic strains (Supplementary Table S1).

https://github.com/dparks1134/CompareM


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) 32.5 �C, and (b) pH 2.0.
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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 S. thermotolerans S. ferrooxidans

SLC66T Y002T S0ABT

Aminolipid e e þ
Glycolipid þ þ þ
Phospholipid e þ þ
Phosphatidylglycerol þ þ þ
Diphosphatidylglycerol þ þ þ
Phosphatidylethanolamine þ þ e

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 Ferroacidibacillus organovorans
SLC66T (highlighted in bold). GenBank accession numbers are shown in parentheses. Scale bar ¼ nucleotide substitutions per position. Black bullets ¼ bootstrap values � 70%. The
phylogeny was constructed using maximum likelihood with MAFFT and IQ-TREE.
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3.2. Phylogenomic characteristics of Sulfoacidibacillus and
Ferroacidibacillus spp.

Fig. 4 shows a 16S rRNA phylogenetic tree of acidophilic Firmi-
cutes and other acidophilic Gram-positive bacteria, indicating the
phylogenetic relationships and branching order of the three pro-
posed new species belonging to the two proposed new genera,
Sulfoacidibacillus and Ferroacidibacillus. A 16S rRNA sequence
identitymatrixof the samebacteria is shown in Fig. 5,where�98.7%
16S rRNA sequence identity is considered the same species [18] and
�95% sequence identity is considered the same genus [19,20]. Using
these criteria, Fig. 5 shows that Sulfoacidibacillus and Ferroacidiba-
cillus (<95% sequence identity) are distinct genera. The matrix also
shows that Sulfoacidibacillus is composed of at least two species,
S. thermotolerans and S. ferrooxidans, represented by strains Y002T

and S0ABT, respectively. In addition, the matrix suggests that Y0010
and ALD3 are also strains of S. thermotolerans and S. ferrooxidans,
respectively, and that four other isolates (GS1, Huett2, SLC40 and
BSH1) could potentially be strains of the same species) as the pro-
posed type strain, SLC66T (16S rRNA gene identity �98.7%).

The genomes of three strains of Ferroacidibacillus (SLC66T, ITV01
and Huett2) and both proposed type strains of S. thermotolerans and
S. ferrooxidans have been sequenced and partially annotated
[4,21e24]. Analysis of these genomes showed that the chromo-
somal DNA of the three strains of F. organovorans contained 52 mol
% G þ C (SLC66T), 50 mol% G þ C (ITV01) and 52.2 mol% G þ C
(Huett2), while that of S. thermotolerans Y002T was 46 mol% G þ C
and S. ferrooxidans S0ABT was 43.7 mol% G þ C.

In addition, whole genome analyses, including dDDH, ANI and
AAI, were carried out on the five sequenced genomes to delineate
species and genus (Fig. 6). The following values were used for
5

species delineation �70% for dDDH [25,26] and �95% for ANI
[20,27,28] and�65% for AAI [20,28] was used for genus delineation.
The results further support the contention that there are two
different genera with AAI values < 65% between the two strains of
Sulfoacidibacillus (S0ABT and Y002T) and the three Ferroacidibacillus
strains (ITV01, SLC66T and Huett2) (Fig. 6). In addition, ANI and
dDDH provide evidence that the two proposed type strains of
Sulfoacidibacillus (S. ferrooxidans S0ABT and S. thermotolerans Y002T)
and that of strain of F. organovorans (SLC66T) are three different
species with values for ANI <95% and dDDH <70%. The data also
suggest that, whereas strain ITV-01 can be classified within the
genus Ferroacidibacillus, it could be a representative of a different
species from F. organovorans with ANI/AAI values < 95% and dDDH
<70% compared to strain SCL66T. This agrees with the 16S rRNA
identity and the phylogenetic distribution mentioned above for
these strains. The 16S rRNA identity data suggest that strain Gal-G1
is also like to be affiliated with this separate species.

In summary, physiological, phylogenomic and phenotypic
analysis of ten strains of acidophilic Firmicutes, isolated over a time
span of over 30 years, has confirmed that they represented two
novel genera and three distinct species. Traits held in common to all
three species included being extremely acidophilic, having the
ability to catalyse the dissimilatory oxidation and reduction of iron,
and in being, in contrast to many acidophilic iron-oxidisers, obli-
gately heterotrophic. Two species (F. organovorans and
S. ferrooxidans) are mesophiles, while S. thermotolerans is a mod-
erate thermophile. The ability to oxidise sulfur is characteristic of
both proposed Sulfoacidibacillus spp.. F. organovorans is the most
acid-sensitive of the three novel species, while S. ferrooxidans could
grow at pH 0.9, which characterises it as among the most acid-
tolerant bacteria yet described [2].



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 ferrooxidans S0ABT and (bottom right box) Ferroacidibacillus organovorans SLC66T and an unnamed species represented
by strains ITV01 and Gal-G1. Dark grey shading ¼ strains proposed to be the same species as the respective type strains. Light grey shading ¼ 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) ¼ predicted same species, and light grey highlight in AAI box ¼ predicted same genus. NA ¼ for ANI value much below 80%.
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4. Description of Sulfoacidibacillus gen. nov.

Sulfoacidibacillus gen. nov. (Sul.fo.a.ci.di.ba.cil'lus. L. neut. n.
sulfur, sulfur; N.L. pref. sulfo-, pertaining to sulfur; acidum, an acid;
L. dim. masc. n. bacillus, a small rod; N.L. masc. n. Sulfoacidibacillus,
an acidophilic small rod that oxidises sulfur).

Obligately acidophilic (pH growth optima <3), facultatively
anaerobic heterotrophic Firmicutes. Motile rods that form ter-
minal oval endospores. Catalyse both the dissimilatory oxidation
and reduction of iron and the oxidation of zero-valent sulfur and
tetrathionate. Optimum temperature 30 - 33 �C for mesophilic
species and ~43 �C for moderately thermophilic species. Contain
the quinone MK7, meso-2,6 diaminopimelic acid type A1g, and
ai-15:0 and ai-17:0 are the dominant fatty acids. The G þ C
content of their chromosomal DNA is 44e46 mol%. Sulfoacidi-
bacillus spp. are affiliated with the family Alicyclobacillaceae and
order Bacillales of the Firmicutes phylum. The type species is S.
ferrooxidans.
5. Description of Sulfoacidibacillus ferrooxidans sp. nov.

S. ferrooxidans (ferro.ox'i.dans. L. n. ferrum iron; ferro-denoting
the oxidation of iron (II) (ferrous iron); M.L. v. oxido oxidise; M.L.
part. adj. ferrooxidans ferrous iron-oxidising).
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Gram-positive, endospore-forming Firmicutes. Motile rods,
2e3 mm long by ~0.5 mm wide. Mesophilic and extremely acido-
philic, with temperature growth optimum of ~33 �C and pH opti-
mum of ~1.7; growth also occurs at pH 0.9. Obligately
heterotrophic; yeast extract preferred as a source of organic carbon.
Oxidises and reduces iron and catalyses the dissimilatory oxidation
of zero-valent sulfur and tetrathionate. Forms gelatinous colonies
on acidic solid media containing ferrous iron, tryptone soya broth
and tetrathionate, with typical “fried egg” (ferric iron centred,
white peripheries) morphologies. The dominant menaquinone is
MK7, and meso-2,6 diaminopimelic acid type A1g is the diamino
acid in its peptidoglycan. The major fatty acids are ai-15:0 and ai-
17:0. Chromosomal base composition of the type strain is
43.7 mol% G þ C. Strains have been isolated from commercial zero-
valent sulfur and acidic sediment in a volcanic lake. The type strain
is S0ABT (¼ DSM 105355T ¼ JCM 33225T).
6. Description of Sulfoacidibacillus thermotolerans sp. nov.

S. thermotolerans (ther.mo.to'le.rans. Gr. n. thermê; heat; L. part.
adj. tolerans, tolerating; N.L. part. adj. thermotolerans, heat-
tolerating, able to tolerate high temperatures).

Gram-positive, endospore-forming Firmicutes. Motile rods,
3e4 mm long by ~0.5 mm wide. Moderately thermophilic and
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extremely acidophilic, with temperature growth optima of ~43 �C
and pH optima of ~1.8 (minima ~ pH 1.6). Obligately heterotrophic;
yeast extract preferred as a source of organic carbon. Oxidises and
reduces iron. Catalyses the dissimilatory oxidation of zero-valent
sulfur and tetrathionate. Forms gelatinous colonies on acidic solid
media containing ferrous iron, tryptone soya broth and tetrathio-
nate, with typical “fried egg” (ferric iron centres with white pe-
ripheries) morphologies. The dominant menaquinone is MK7, and
meso-2,6 diaminopimelic acid type A1g is the diamino acid in its
peptidoglycan. The major fatty acids are ai-15:0 and ai-17:0.
Chromosomal base composition of the type strain is 46 mol%
Gþ C. Isolates were obtained from a geothermal site in Yellowstone
National Park, Wyo. The type strain is strain Y002T (¼ ATCC TSD-
104T ¼ JCM 31946T).

7. Description of Ferroacidibacillus gen. nov.

Ferroacidibacillus gen. nov. (Fer.ro.a.ci.di.ba.cil'lus. L. neut. n.
ferrum, iron; N.L. pref. ferro-, pertaining to Fe(II) (ferrous iron); L.
neut. n. acidum, an acid; L. dim. masc. n. bacillus, a small rod; N.L.
masc. n. Ferroacidibacillus, an acidophilic small rod that oxidises
ferrous iron).

Obligately acidophilic (pH growth optima <3), facultatively
anaerobic heterotrophic Firmicutes. Motile rods that form terminal
oval endospores. Catalyse both the dissimilatory oxidation and
reduction of iron. Optimum temperature for growth is ~30 �C.
Contain the quinone MK7, meso-2,6 diaminopimelic acid type A1g,
and ai-15:0 and ai-17:0 are the dominant fatty acids. The G þ C
content of their chromosomal DNA is 50e52 mol%. Ferroacidiba-
cillus spp. are affiliated with the family Alicyclobacillaceae and order
Bacillales of the Firmicutes phylum. The type species is Ferroacidi-
bacillus organovorans.

8. Description of Ferroacidibacillus organovorans sp. nov.

F. organovorans (or.gan.i.vor'ans; N. L. n.organum, organic com-
pound; L. part. adj. vorans, devouring. N. L. part. adj. organovorans,
organic substrate-devouring).

Gram-positive, endospore-forming Firmicutes. Motile rods,
1.5e1.8 mm long by ~0.4 mm wide. Mesophilic and extremely
acidophilic, with temperature optima of ~30 �C and pH optima/
minima of 2.9/1.9 (type strain) and pH minima of ~1.75 (other
strains). Obligately heterotrophic; yeast extract preferred as a
source of organic carbon. Oxidises and reduces iron, but not sulfur.
Forms gelatinous colonies on acidic solid media containing ferrous
iron, tryptone soya broth and tetrathionate, with typical “fried egg”
(ferric iron centres with white peripheries) morphologies. The
dominant menaquinone is MK7, and meso-2,6 diaminopimelic acid
type A1g is the diamino acid in its peptidoglycan. The major fatty
acids are ai-15:0 and ai-17:0. Chromosomal base composition is
50e52 mol% G þ C. Isolates have been obtained from a variety of
environments impacted by metal mining, including solid wastes
andwater bodies, and also from geothermal areas. The type strain is
strain SLC66T (¼ ATCC TSD-103T ¼ JCM 31945T).
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