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Uncovering a Microbial Enigma: Isolation and Characterization of the
Streamer-Generating, Iron-Oxidizing, Acidophilic Bacterium

“Ferrovum myxofaciens”

D. Barrie Johnson, Kevin B. Hallberg, Sabrina Hedrich*

School of Biological Sciences, Bangor University, Bangor, United Kingdom

A betaproteobacterium, shown by molecular techniques to have widespread global distribution in extremely acidic (pH 2 to 4)
ferruginous mine waters and also to be a major component of “acid streamer” growths in mine-impacted water bodies, has
proven to be recalcitrant to enrichment and isolation. A modified “overlay” solid medium was devised and used to isolate this
bacterium from a number of mine water samples. The physiological and phylogenetic characteristics of a pure culture of an iso-
late from an abandoned copper mine (“Ferrovum myxofaciens” strain P3G) have been elucidated. “F. myxofaciens” is an ex-
tremely acidophilic, psychrotolerant obligate autotroph that appears to use only ferrous iron as an electron donor and oxygen as
an electron acceptor. It appears to use the Calvin-Benson-Bassham pathway to fix CO, and is diazotrophic. It also produces copi-
ous amounts of extracellular polymeric materials that cause cells to attach to each other (and to form small streamer-like growth
in vitro) and to different solid surfaces. “F. myxofaciens” can catalyze the oxidative dissolution of pyrite and, like many other
acidophiles, is tolerant of many (cationic) transition metals. “F. myxofaciens” and related clone sequences form a monophyletic
group within the Betaproteobacteria distantly related to classified orders, with genera of the family Nitrosomonadaceae (lithoau-
totrophic, ammonium-oxidizing neutrophiles) as the closest relatives. On the basis of the phylogenetic and phenotypic differ-
ences of “F. myxofaciens” and other Betaproteobacteria, a new family, “Ferrovaceae,” and order, “Ferrovales,” within the class
Betaproteobacteria are proposed. “F. myxofaciens” is the first extreme acidophile to be described in the class Betaproteobacteria.

Bacteria are microscopic entities, and individual cells, with the
notable exception of the sulfur-depositing marine bacterium
Thiomargarita namibiensis, are not visible to the naked eye. How-
ever, by producing extracellular polymeric substances (EPS) and
forming biofilms and, in some cases, larger macroscopic struc-
tures such as “streamers,” “snottites,” and “microbial stalactites,”
bacterial communities can be very evident in some situations.
Streamer-like growths are particularly common in some extreme
environments, such as geothermal sites and extremely acidic
streams (1). While this might reflect the absence or limited abun-
dance of higher life forms in these environments, grazing of bac-
teria by protozoa and Rotifera in extremely acidic water bodies has
been documented (e.g., see reference 2).

Mine-impacted water bodies (MIWSs) associated with active
and abandoned metal and coal mines and mine spoils are often
acidic (sometimes extremely so) and usually contain elevated con-
centrations of soluble sulfate, iron and other metals, and metal-
loids such as arsenic (3). Acidity derives from the microbiological
oxidation of reduced forms of sulfur and iron (and the subsequent
hydrolysis of ferric iron), both of which occur in the most ubiq-
uitous of all sulfide minerals, pyrite (FeS,). The most extreme
MIWs that have been described are located within the Richmond
mine in Iron Mountain, California, where pools of negative pH
have been recorded (4). Microbial slimes and snottites have been
observed in the warm (~40°C) and extremely acidic (pH ~1)
waters within the mine, and the dominant indigenous microor-
ganisms have been identified as belonging to known genera of
acidophilic bacteria (Leptospirillum spp.) and archaea (“Ferro-
plasma acidarmanus”) (5, 6). Waters within the Richmond mine
are, however, atypical of most reported MIWs, where tempera-
tures tend to be lower and pH values somewhat higher (>2).

Examination of acid streamer growths at a chalybeate spa and
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two abandoned mines (a copper mine and a sulfur/pyrite mine) in
north Wales using a variety of molecular techniques revealed that
the numerically dominant indigenous organism in all three situ-
ations was an unknown betaproteobacterium (7) related to am-
monium-oxidizing, autotrophic, neutrophilic bacteria and also to
the currently nonvalidated iron-oxidizing neutrophile “Fer-
ritrophicum radicicola” (8). Like most MIWs, the streams in which
these macroscopic growths were found contained almost negligi-
ble amounts of ammonium (<1 mgliter ') and dissolved organic
carbon (<5 mg liter ') but large concentrations of ferrous iron
(14 to 725 mg liter '), and it therefore seemed unlikely, given the
scale of the streamer growths (~100 m® within one of the mines),
that the unknown betaproteobacterium was either an ammoni-
um-oxidizing autotroph or an obligate heterotroph. However, all
attempts at enriching and isolating this bacterium, using a range
of liquid and solid media, met initially with no success. Known
acidophiles (iron-oxidizing Acidithiobacillus spp. and Leptospiril-
lum ferrooxidans and heterotrophic Acidiphilium spp.) dominated
enrichment cultures and were the sole bacteria isolated on solid
media (9). A bacterium that was the dominant prokaryote in some
of the most massive microbial accumulations that had been de-
scribed was seemingly “unculturable.”
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“Overlay” solid media, in which a heterotrophic acidophile is
included in the lower layer of a 2-layer gel in order to remove trace
amounts of toxic pyruvic acid and other organic materials that
arise from acid hydrolysis of the gelling material, have long been
used to isolate acidophilic prokaryotes from natural and human-
made environments (e.g., see references 10 and 11). The chance
isolation of a bacterium that grew as a ferric iron-encrusted colony
from water draining a coal mine, and whose 16S rRNA gene had
99% similarity to that of the unknown streamer-forming betapro-
teobacterium (K. B. Hallberg and D. B. Johnson, unpublished
data), indicated that the lack of growth of the latter was not due to
the absence of a necessary growth factor in the standard overlay
plate formulation. This single isolate, which could not be trans-
ferred to a liquid medium, was noted to grow in very close prox-
imity to colonies of heterotrophic acidophiles, suggesting that the
iron-oxidizing isolate could be even more sensitive to some solu-
ble carbon compounds than the most fastidious chemolithotro-
phic acidophile known at that time (Leptospirillum ferrooxidans).
This observation led to a strategy being devised that has resulted in
the isolation of the previously unknown betaproteobacterium
from a number of acidic mine waters. An axenic culture of an
isolate (“Ferrovum myxofaciens”) obtained from acid streamer
growths in one of the first sites of this prokaryote to be reported
has been characterized and confirmed to be an obligately chemo-
lithotrophic iron-oxidizing acidophile. This is the first, and to date
the only, representative of a proposed new bacterial family, “Fer-
rovaceae,” and order, “Ferrovales.”

MATERIALS AND METHODS

Isolation of “Ferrovum myxofaciens” P3G and cultivation in ferrous
iron medium. Strain P3G was isolated on a modified overlay solid me-
dium (“iFeo”) (12). This is essentially an “inorganic” medium, which
contains only ferrous sulfate (25 mM) as an energy source. Acidiphilium
cryptum (strain STH) was included in the lower gel layer to remove traces
of organic materials, as with most other overlay media. Plates were inoc-
ulated with disrupted acid streamers growing in a stream draining the
abandoned Mynydd Parys copper mine in north Wales (Fig. 1A) (7, 13)
and incubated at 20 or 30°C for up to 4 weeks. Other overlay media (Feo,
FeSo, FeTo, and YE30) (12) were also used to isolate acidophiles from the
disrupted streamers.

Over 20 ferric iron-encrusted colonies, varying in size from <1 mm to
~10 mm in diameter, which grew on iFeo medium were transferred into
200 pl of liquid medium (in 1-ml Eppendorf tubes) containing 5 mM
ferrous sulfate, basal salts, and trace elements, pH 2.5 (14). Cultures in
which the ferrous iron oxidized (indicated by a change in color to orange/
brown and deposition of ferric iron) were transferred into small volumes
(5 ml) of the same medium of progressively lower pH (to pH 2.1) to avoid
hydrolysis and precipitation of ferric iron. In the absence of precipitates in
the oxidized medium, small streamer-like growths were evident in some
cases. Amplification of 16S rRNA genes using primers that were specific to
“Ferrovum”-like isolates (see below) confirmed that the novel proteobac-
terium was present in many of the latter cultures, though not in those
where small streamer growths were not evident. Culture purity was con-
firmed by terminal restriction fragment length polymorphism (T-RFLP)
analysis, using restriction enzymes that separate “Ferrovum”-like bacteria
from other acidophiles (13), and also by plating 50 .l of oxidized medium
onto Feo medium (which supports the growth of other acidophilic iron
oxidizers) and a solid medium containing 5 mM fructose and 0.02% (wt/
vol) yeast extract (to test for the presence of heterotrophs, such as Acid-
iphilium and Acidocella spp.). One culture confirmed as pure (isolate
P3G) was characterized, as described below.
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FIG 1 (A) Acid streamers at Mynydd Parys, which served as the source of “F.
myxofaciens” P3G (bar, 50 cm). (B) Scanning electron micrograph of “F.
myxofaciens” P3G, showing aggregates of cells and dehydrated EPS (shown
with an arrow) (bar, 2 wm). The sample was fixed in glutaraldehyde, critical
point dried in liquid CO,, and viewed in an Hitachi S-120 scanning electron
microscope.

Oxidation of ferrous iron by “F. myxofaciens” P3G and tests for
growth on alternative electron donors. Oxidation of ferrous iron by “F.
myxofaciens” P3G in shake flask cultures containing 100 ml of 5 mM
ferrous sulfate liquid medium (pH 2.1) and incubated at 30°C was mon-
itored by measuring time-related changes in concentrations of ferrous
iron, using the ferrozine assay (15). The ability of isolate P3G to use alter-
native inorganic electron donors was tested by harvesting ferrous iron-
grown biomass and inoculating it into liquid medium (pH 3.0) containing
elemental sulfur (0.1%, wt/vol), potassium tetrathionate (2.5 mM), or
ammonium sulfate (10 mM). The higher initial pH used in these tests was
because oxidation of these substrates generates acidity, in contrast to fer-
rous iron oxidation, which is a proton-consuming reaction. As well as
monitoring any changes in pH, concentrations of sulfate (sulfur and tet-
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rathionate cultures) and nitrite and nitrate (ammonium cultures) were
measured at regular intervals, using ion chromatography. Autotrophic
growth via oxidation of hydrogen was tested using a protocol described
elsewhere (16). In brief, this entailed incubating “F. myxofaciens” P3G in
liquid (5 mM ferrous sulfate) and solid (iFeo plates) media in a sealed jar
with an atmosphere containing nitrogen, hydrogen, oxygen, and carbon
dioxide. Control cultures containing only nitrogen, oxygen, and carbon
dioxide were set up at the same time. Cultures were inspected after 2 and
4 weeks to look for differences in colony morphologies (switching to hy-
drogen causes colonies of iron oxidizers to become larger and cream/gray
colored) and to determine whether there was enhanced growth in the
presence of hydrogen. Finally, oxidative dissolution of pyrite (FeS,) was
tested by inoculating iron-grown “F. myxofaciens” P3G in a pH 2.5 liquid
medium containing 1% (wt/vol) finely ground (<100-pm) pyrite (Strem
Chemicals, Inc., MA) and monitoring changes in total soluble iron con-
centrations (by ion chromatography). All of the above-described tests
were carried out in duplicate, and Acidithiobacillus ferrooxidans (ATCC
23270"), which oxidizes ferrous iron, sulfur, tetrathionate, hydrogen, and
pyrite, though not ammonium, was used as a positive control.

Carbon assimilation and nitrogen fixation by “F. myxofaciens”
P3G. Liquid media containing either 100 pM or 5 mM ferrous sulfate,
basal salts, and trace elements, adjusted to pH 2.1, were amended with the
following potential organic substrates: glucose, fructose, citric acid, glu-
tamic acid, glycerol (at 5 mM), and peptone or yeast extract (at 0.02%,
wt/vol). Cultures were incubated at 30°C for 10 days, biomass was assessed
visually (by comparing sizes of streamer growths), and yields were deter-
mined by measuring the protein contents of harvested cultures (17). Ad-
ditionally, genes encoding the large subunit of type I (cbbL) and type 11
(cbbM) RubisCO were amplified and sequenced, as described below.

To assess whether isolate P3G could fix dinitrogen, a liquid medium
containing 20 mM ferrous iron and nitrogen-free basal salts/trace ele-
ments was prepared and duplicate flasks were inoculated with an active
culture of the iron oxidizer. The flasks were placed in a desiccator con-
taining sulfuric acid to absorb any ammonia present in the atmosphere
and incubated at 30°C. The oxidized cultures were subcultured (twice)
into liquid medium of the same composition. Parallel cultures using stan-
dard inorganic N-containing basal salts were also set up. Genetic evidence
for the capacity of P3G to fix nitrogen was obtained by amplifying a por-
tion of the nifH gene, as described below.

Growth and specific rates of ferrous iron oxidation by “F. myxofa-
ciens” P3G at different temperatures and pH values. “F. myxofaciens”
P3G was grown in batch culture in a pH- and temperature-controlled
2-liter bioreactor (Electrolab, United Kingdom) with 20 mM ferrous sul-
fate. The reactor was aerated (1 liter min ') and stirred at 100 rpm. Con-
centrations of ferrous iron were determined at regular intervals, and
growth rates of strain P3G at each preset condition were determined from
the exponential phases identified in semilogarithmic plots of iron oxi-
dized against time. As is the case with other acidophilic chemolithotrophic
iron oxidizers such as Acidithiobacillus and Leptospirillum spp., ferrous
iron oxidation was coupled to bacterial growth in actively growing cul-
tures. To determine optimum growth temperature, the bioreactor was
maintained at pH 2.4, and to determine optimum pH, the temperature
was set at 25°C.

Specific rates of ferrous iron oxidation by “F. myxofaciens” P3G at
different temperatures were determined using a protocol described else-
where (18). In brief, the isolate was grown in 5-liter shake flasks on ferrous
iron, and the macroscopic growths were harvested, washed, and homog-
enized in pH 2.2 basal salts. Aliquots of dispersed streamers were then
inoculated into 10 ml of basal salts containing 1 mM ferrous sulfate in
triplicate 100-ml flasks, which were incubated at 5 to 35°C. Changes in
ferrous iron concentrations with time were recorded (using the ferrozine
assay), and the protein concentration in the homogenized inoculum was
determined using the Bradford reagent (17).

Production of EPS. An approximate value of the water and ash con-
tents and the relative amounts of protein and EPS produced by “F. myxo-

674 aem.asm.org

faciens” P3G was obtained using an acid streamer sample from Mynydd
Parys where this bacterium accounted for >90% of the cells present (from
T-RFLP analysis). One hundred grams of wet streamers was first dried at
105°C and then ignited at 450°C, to determine water and ash contents,
respectively. Duplicate 1-g samples of the same acid streamer sample were
dissolved in 20 ml of 0.5 M NaOH, and the protein and carbohydrate
contents (as glucose equivalents) were determined using the Bradford and
phenol (19) colorimetric assays, respectively. Parallel analysis of proteins
and carbohydrates was carried out using harvested biomass of “F. myxo-
faciens” P3G. To identify the sugars present in EPS from both native acid
streamers and a pure culture of “F. myxofaciens” P3G, EPS were first
extracted and hydrolyzed (20) and monosaccharides were identified using
ion chromatography (21).

Transition metal tolerance. “F. myxofaciens” P3G was grown in 5 mM
ferrous sulfate liquid medium (pH 2.1) containing 0 to 100 mM ferric
iron, copper, zinc, nickel, manganese(II), and aluminum or 0 to 1 mM
sodium molybdate. Media containing up to 100 mM ferrous iron and no
other transition metal were also prepared. Duplicate cultures were set up
in 25-ml universal bottles and incubated at 30°C for up to 10 days, at
which time they were tested for concentrations of residual ferrous iron.

Biomolecular analyses. “F. myxofaciens” P3G was grown in shake
flasks by decanting oxidized medium, retaining the streamer-like
growths, and replacing the medium with fresh medium containing 5 mM
ferrous iron (pH 2.1). When the streamer biomass had reached an esti-
mated 500 mg (wet weight), it was removed and washed in pH 2 basal salts
solution, and DNA was extracted (22). This served as the template for
amplification PCRs in which portions of the 16S rRNA gene (11) and the
genes coding for the large subunit of type I (¢bbL) and type II (cbbM)
RubisCO (23) as well as the nifH genes (24) were amplified; all of the PCR
products obtained were sequenced. Individual colonies on overlay plates
were confirmed as strains of “Ferrovum” via a PCR that used a reverse
primer (NitrosoR) that was specific to this iron-oxidizing acidophile (5'-
TCC AGG TTA TTC GCC TGA AC-3’) in combination with the generic
27F primer (11).

Phylogenetic analysis. The 16S rRNA gene sequence of “F. myxofa-
ciens” P3G was analyzed, using BLAST, at the NCBI database (http://ncbi
.nlm.nih.gov/BLAST) and added to a database of over 200,000 prokary-
otic 16S rRNA gene sequences. The sequence was aligned together with
other related sequences using ClustalX (25); gene sequence alignments
were corrected manually, and alignment uncertainties were omitted in the
phylogenetic analysis. Phylogenetic trees were generated with a subset of
45 nearly full-length sequences (>1,000 bp) by DNA parsimony, neigh-
bor-joining, and maximum-likelihood analyses. In all cases, general tree
topology and clusters were stable, and the reliability of the tree topologies
was confirmed by bootstrap analysis using 1,000 replicate alignments. As
the topologies of trees generated by all three methods were nearly identi-
cal, only the neighbor-joining tree is presented.

Nucleotide sequence accession numbers. Newly determined se-
quences were deposited in GenBank under accession numbers
HQ322122, HQ322123, and HM044161.

RESULTS

Isolation, purification, and maintenance of “F. myxofaciens.”
Numbers of ferric iron-encrusted colonies that grew on iFeo
plates inoculated with disrupted Mynydd Parys acid streamers
that appeared (from T-RFLP analysis) to be dominated by the
unknown betaproteobacterium were about 1 to 3 orders of mag-
nitude greater than those found on other overlay media. Most of
these colonies were very small (<1 mm) and visible only after 2 to
3 weeks of incubation at both 20°C and 30°C. The larger (and less
numerous) ferric iron-stained colonies were identified as mostly
Acidithiobacillus ferrivorans (22). The specific 16S rRNA gene
primers designed to identify “Ferrovum”-like bacteria were suc-
cessful at differentiating between colonies of this acidophile and
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those of other iron-oxidizing bacteria. Many of the “Ferrovum”-
like colonies that were transferred to liquid medium failed to
grow, and most of those that did were subsequently found to be
mixed cultures of “F. myxofaciens” and Acidiphilium spp. The lat-
ter were mostly A. cryptum SJH, which had presumably migrated
from the gel underlayers, which is a common occurrence when
plate incubation is protracted, as was necessary to obtain colonies
of “Ferrovum.” Obtaining pure cultures of “F. myxofaciens” from
liquid cultures that also contained Acidiphilium spp. was found to
be extremely difficult, as numbers of planktonic-phase hetero-
trophic bacteria were usually far greater than those of the iron
oxidizer, even when grown in ferrous sulfate medium, since most
of the “F. myxofaciens” P3G cells were present in the small stream-
ers. This meant that culture purification using serial dilution was a
nonviable option. Alternative methods used to obtain pure cul-
tures of other iron-oxidizing acidophiles, e.g., using the greater
tolerance of acidithiobacilli to copper or of the leptospirilli to
extreme acidity to eliminate heterotrophic contaminants (12),
were also not applicable in the case of “F. myxofaciens.” Ulti-
mately, the only approach that produced axenic cultures of “Fer-
rovum” was to transfer colonies from iFeo plates that were ob-
tained directly from environmental samples into liquid medium.
Due to the problems described above, very few colonies were
found to be both viable and axenic, and therefore, large numbers
(>50) of colonies needed to be individually processed. A pure
culture of “F. myxofaciens” (strain P3G) was obtained from
Mynydd Parys acid streamers, but only mixed cultures (with Aci-
diphilium-like heterotrophs) were obtained from other sites, in-
cluding the Cae Coch mine, Wales (26); a water treatment plant at
Nochten, Germany (27); and the Pyhdsalmi copper/zinc mine,
Finland (C. M. Kay and D. B. Johnson, unpublished data). It was
also necessary to subculture axenic cultures on a regular basis
(every 5 to 7 days for active [30°C] cultures or monthly for those
maintained at 4°C) to maintain their viability. Attempts to revive
“F. myxofaciens” P3G from stored freeze-dried cultures, or from
cultures frozen (at —70°C) in glycerol, glycine betaine, or di-
methyl sulfoxide, were not successful.

Morphological characteristics and EPS production. In liquid
medium containing ferrous iron as an electron donor, “F. myxo-
faciens” P3G produced small streamer-like growths in shake flask
cultures, and planktonic-phase cells were also evident. Cells were
nonmotile and oval in shape (1.0 = 0.1 wm long by 0.6 = 0.04 um
wide), and no endospores were observed. When grown in contin-
uous culture in bioreactors, the streamers became attached to
metal supports and other structures within the growth vessel and
formed long filaments (28). When grown at pH >2.3, macro-
scopic growths of “F. myxofaciens” P3G became heavily encrusted
with ferric iron precipitates as oxidation progressed, while in me-
dia containing ferrous iron poised initially at 2.1 (where ferric iron
remained in solution), the gelatinous bacterial growths were free
of such precipitates and off-white in color.

Electron microscopy revealed that large amounts of EPS were
associated with bacterial cells in the small, streamer-like growths
of “F. myxofaciens” P3G that grew in liquid media (Fig. 1B). In-
sufficient biomass of pure culture was available to determine ac-
curately the water and ash contents of the small streamer-like
growths produced in vitro. However, analysis of acid streamers
from Mynydd Parys that were dominated by “Ferrovum”-like bac-
teria found that they consisted of 99% water and that the dry
streamers had an ash content of 53%. Of the organic fraction of

January 2014 Volume 80 Number 2

Isolation and Characteristics of “F. myxofaciens”

2000 3.00

1500 | 1 250
I [ ]
£
=, 1000 Y200 &
3
()
LL

500 11.50

0 H 1.00
0 7 14 21 28

Time (days)

FIG 2 Comparison of pyrite oxidation by “F. myxofaciens” P3G and that by
the A. ferrooxidans type strain, showing changes in soluble iron concentrations
(solid lines) and pH (broken lines). Symbols: B, “F. myxofaciens” P3G; @, A.
ferrooxidans type strain; +, abiotic controls. Data points are mean values of
duplicate cultures, and error bars (where visible) depict data ranges.

the streamer biomass, 31% was polysaccharide (glucose equiva-
lent) and 17% was protein. Analysis of hydrolyzed EPS of both
iron-grown “F. myxofaciens” P3G and Mynydd Parys acid stream-
ers found the same monosaccharides to be present, with glucose
identified as the major sugar and ribose, rhamnose, galactose and
mannose present in smaller relative amounts. No acidic or basic
sugar monomers were identified in hydrolyzed EPS of either na-
tive acid streamers or “F. myxofaciens” P3G streamers.

Electron donors and acceptors. “F. myxofaciens” strain P3G
was shown to be a highly specialized bacterium that grew only by
using ferrous iron as an electron donor and oxygen as an electron
acceptor. Repeated tests for growth on reduced sulfur, ammo-
nium, hydrogen, and various organic carbon compounds all
proved negative. The isolate was, however, able to catalyze the
oxidative dissolution of pyrite, which was anticipated in view of its
ability to generate ferric iron (the main oxidant of pyrite in acidic
liquors). The rate of pyrite dissolution by “F. myxofaciens” P3G
was much lower than that by the A. ferrooxidans type strain, and
culture pH values did not fall so much (Fig. 2), probably because
A. ferrooxidans (unlike “F. myxofaciens”) can oxidize reduced sul-
fur as well as ferrous iron. Only oxygen was used by “F. myxofa-
ciens” as a terminal electron acceptor.

Carbon and nitrogen assimilation. “F. myxofaciens” P3G
could be maintained by subculturing it in liquid media containing
only ferrous iron and basal salts; amending liquid media with
different organic materials did not result in increased cell numbers
and often inhibited iron oxidation, indicating that this acidophile,
like many others, is an obligate autotroph. Successful amplifica-
tion and sequencing of a portion of the large subunit type I (cbbL)
RubisCO gene (GenBank accession number HQ322122) implied
that isolate P3G fixes carbon dioxide using the Calvin-Benson-
Bassham cycle, but despite varying conditions of PCR (including
variations in Mg>" and annealing temperature), no PCR product
was obtained using primers that targeted the type Il cbbM gene. “F.
myxofaciens” P3G could be successfully transferred in liquid me-
dium devoid of inorganic (and organic) nitrogen and under an
ammonium-free atmosphere. This, together with the successful
amplification of the nifH gene (GenBank accession number
HQ322123) from DNA extracted from “F. myxofaciens” P3G, pro-
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P3G.
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vided evidence that this novel iron-oxidizing acidophile is, like
Acidithiobacillus and Leptospirillum spp., a diazotroph.

Effect of temperature and pH on growth and iron oxidation
by “F. myxofaciens” P3G. The optimum pH and temperature for
growth of “F. myxofaciens” P3G were 3.0 and 32°C, respectively
(Fig. 3), with lower limits of pH 2.0 and 4°C; no growth was ob-
served at 37°C. On the basis of these data, “F. myxofaciens” P3G
can be categorized as a psychrotolerant extreme acidophile. When
grown under optimum conditions of temperature and pH, the
culture doubling time of isolate P3G was 4 h (equivalent to a
growth rate of 0.17h™").

Specific rates of ferrous iron oxidation by “F. myxofaciens” P3G
at different temperatures are shown in Fig. 4. These were slightly
greater than those recorded for the iron-oxidizing acidithiobacilli
at 30°C (18). At 5°C, specific rates of iron oxidation were 8% of
that measured at the optimum temperature for this acidophile
(30°C).

Transition metal tolerance. As is the case with many extreme
acidophiles, “F. myxofaciens” P3G displayed tolerance to many
(cationic) transition metals frequently found at elevated concen-
trations in mine-impacted environments, including iron (both
ferrous and ferric), aluminum, manganese, copper, and zinc (Ta-
ble 1). However, this acidophile was far more sensitive to nickel
than were iron-oxidizing Acidithiobacillus spp. and, in common
with most other acidophiles, was highly intolerant of the oxyanion
molybdate.

Phylogenetic relationship. The 16S rRNA gene sequence of
“F. myxofaciens” P3G (GenBank accession number HM044161)
was nearly identical (>>99%) to those cloned from a variety of acidic
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FIG 4 Effect of temperature on the specific rates of ferrous iron oxidation by
isolate P3G.

mine water-impacted environments (Fig. 5). Sequence analysis of the
16S rRNA gene firmly placed “F. myxofaciens” P3G in the Betapro-
teobacteria (100% confidence using the RDP Classifier), but con-
fidence in the assignment of isolate P3G to any lower rankings of
this group was low (e.g., 54% for inclusion in the order Nitro-
somonadales). The closest cultivated relatives of “F. myxofaciens”
in the database are strains belonging to the ammonium-oxidizing
genus Nitrosospira (93% identity). As highlighted in Fig. 5, the
phylogenetic relationship (based on the 16S rRNA gene) of “Fer-
ritrophicum radicicola” to other members of the Betaproteobacte-
ria varied when using different algorithms to construct phyloge-
netic trees. While dendrograms constructed with parsimony and
neighbor-joining methods suggested that “Ferritrophicum radici-
cola” was more closely related to the proposed order “Ferrovales,”
calculations based on the maximum-likelihood algorithm placed
“Ferritrophicum radicicola” in a cluster with sequences belonging
to the orders “Gallionellales” and Rhodocyclales.

“F. myxofaciens” and related clone sequences form a mono-
phyletic group within the Betaproteobacteria distantly related to
classified orders (e.g., Nitrosomonadales) (Fig. 5). Based on their
16S rRNA gene sequences, environmental clones related to “F.
myxofaciens” can further be subdivided into at least six monophy-
letic groups which might well represent further taxa within the
class Betaproteobacteria. Signature nucleotides of the 16S rRNA
gene sequences representing the proposed family “Ferrovaceae”

TABLE 1 Tolerance of “F. myxofaciens” P3G to some transition metals
and comparison with iron-oxidizing acidithiobacilli

Concn (mM) of metal®:

Acidithiobacillus
ferrooxidans

Acidithiobacillus
ferridurans type

Acidithiobacillus

“F. myxofaciens” ferrivorans type

Metal P3G type strain strain strain
Fe?™ =100 400 (200) 400 (200) 600 (400)
Fe?* 100 (50) 400 (200) <100 300 (200)
Mn>* 30 (20) ND ND ND

AP >100 400 (300) 400 (300) 400 (300)
Cu?* 40 (30) 500 (400) <50 300 (200)
Zn>" >100 1000 (800) 300 (200) 1000 (800)
Ni2 ™ 5(1) 200 (100) 300 (200) 300 (200)
MoO,2~  <0.5 0.25 (0.10) <0.10 0.10 (0.04)

“ Data show concentrations of metals that completely inhibited ferrous iron oxidation
by the bacteria listed, and numbers in parentheses show the highest metal
concentrations where iron oxidation was observed. ND, not determined.
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FIG 5 Neighbor-joining tree showing the phylogenetic relationship of the type strain (in bold) of the proposed species “Ferrovum myxofaciens” (belonging to the
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thiooxidans type strains (not shown).

and the order “Ferrovales” can be found in Escherichia coli nucle-
otide positions 258, 464, 559, 630, 721, 811 and 812, 817, 843, and
1109. Bootstrap values shown in Fig. 5 were relatively low for some
of the nodes, indicating a lack of statistical significance of the
respective branching points, which is probably due to minor dif-
ferences in the primary structures of 16S rRNA genes of members
of neighboring families. Also, most of the signature nucleotides
are located in highly variable regions of the 16S rRNA genes, re-
sulting in phylogenetic trees being based on regions which are
subject to change. Despite that, similar branching of the orders
and families in Fig. 5 occurs irrespective of the algorithm used,
affirming their phylogenetic uniqueness (29).
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DISCUSSION

The need to isolate prokaryotes that have been thought of as “un-
culturable” remains a major challenge in microbiology. Although
the physiological capabilities of these “unknown” microorgan-
isms may be inferred from construction and annotation of their
genomes, (axenic) cultures are necessary to fully characterize
novel prokaryotes, and isolation remains a prerequisite for using
novel species in emerging biotechnologies. “F. myxofaciens,”
which accounts for much of the biomass of some of the largest
macroscopic prokaryotic growths that have been described, re-
mained uncultivated for several years after it was detected by mo-
lecular methods (30) and decades after acid streamer growths,
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TABLE 2 Locations where “Ferrovum”-like bacteria have been detected, using molecular approaches

Physicochemical parameter

Site and location (reference) pH Temp (°C) Fe?" (gliter ') SO,> (gliter ')
Drainage stream, Iron Mountain, CA, USA (30) 24 20 NR¢ NR
Stream draining a mineral tailing dam, New Zealand (33) 3.5 NR NR NR
Stream draining an abandoned copper mine, Spain (34) 2.5-2.75 15-25 0.4-1.2 1.5
Acid streamers; abandoned copper mine acid mine drainage, Wales (7) 2.5 9 0.5 1.7
Acid streamers: chalybeate spa, Wales (7) 2.9 9.5 0.02 NR
Water draining copper bioheaps, China (35) 2.5 25 1.3° 2

Acid mine drainage, sulfide mine, China (36) 2.5 25 4.0° 4.3
Water draining an abandoned uranium mine, Germany (37) 2.6 NR NR 0.8
Water samples, copper mine, China (38) 2.0 NR 1.9° 3.6
Water samples, pyrite mine, China (39) 3.0 28 0.7° 2.9
Passive mine water remediation site, Australia (40) 3.0-5.0 NR 0.6-1.2 0.5-1.7
Water and solids, groundwater treatment plant, Germany (41) 3.0 17 1.0 2.4
Snottites, abandoned pyrite mine, Germany (42) 2.6 NR 0.8 19.0
Biofilms, abandoned uranium mine, Germany (43) 2.5-2.9 NR 0.05-0.3 0.8-2.5
Stream draining a surface coal mine; Pennsylvania, USA (44) 2.4-3.5 2.4-3.5 0.5 3.0
Acid streamers, underground pyrite mine, Wales (26) 2.1-2.3 2.1-2.3 0.2-0.7 3.4-4.1
Lignite mine pit lake, Germany (45) 2.9 9-15 0.6-0.9 1.2-8.6
Abandoned polymetallic sulfide mine, Spain (46) 3.1 26 2.31 9.0
Volcanic ash deposit, Japan (47) 3.4 13 NR NR
Underground copper mine, Czech Republic (48) 2.7-3.1 4.5-8.7 0.06-0.77" 0.8-3.5
Various acid mine drainage sites, southeastern China (49) 1.9-4.1 13-39 0-4.8 2.7-5.9
Rio Tinto, Spain (50) 2.6-3.7 NR 0.31-0.75 0.8-1.6"
Acidic lake (Motykino), Russia (51) 4.5-4.8 NR NR NR
Metal mine pit lake, Spain (52) 2.5-35 12-16 0-0.5 0.7-1.9
Acid streamers, copper mine drainage stream, Wales (13) 2.5 11 0.0.38 0.8
“Iron snow”; lignite pit lake, Germany (53) 4.0 9-15 0.39g™ ' 0.17g '
Water sample, Reiche Zeche mine, Germany (54) 2.9 NR 0.26 NR

“ Determined as total sulfur.
b Total iron.
“NR, not reported.

later shown to be dominated by this acidophile, had been reported
(31).

The enigma of why such a visually obvious bacterium re-
mained cryptic and difficult to isolate is due to a number of fac-
tors. First, its 165 rRNA gene sequence does not give major clues to
its physiological potential, as its closest validated relatives (93%
gene similarity) are ammonium-oxidizing neutrophiles of the
genera Nitrosospira and Nitrosovibrio. Second, while its natural
environment (acidic, ferrous iron-rich streams) might have sug-
gested that the unknown proteobacterium was an iron oxidizer, it
shares these habitats with other iron-oxidizing bacteria (notably
Acidithiobacillus spp.) that outcompete “Ferrovum”-like bacteria
(and other bacteria, such as Leptospirillum spp.) in enrichment
cultures. Third, while the overlay media that had been developed
prior to 2006 were adept at directly isolating iron-oxidizing and
obligately heterotrophic bacteria from environmental samples,
they were unsuitable for cultivating “Ferrovum”-like bacteria, due
to the extremely fastidious nature of these betaproteobacteria. The
introduction of “iFeo” solid medium circumvented these prob-
lems, though difficulties in obtaining pure cultures of “Ferr-
ovum”-like bacteria highlighted previously and in maintaining
cultures mean that these bacteria present more practical chal-
lenges than do other iron-oxidizing acidophilic bacteria. Al-
though colonies of “Ferrovum”-like bacteria have been obtained
from a number of mine waters, isolate “F. myxofaciens” P3G is the
only strain known to exist at this time in pure culture.

“F. myxofaciens” P3G is a highly specialized bacterium that,
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like Leptospirillum spp., appears to be restricted to using a single
electron donor (ferrous iron). Since it grows only at low pH, this
defines “F. myxofaciens” P3G as an obligate aerobe, as oxygen is
the only thermodynamically viable electron acceptor for ferrous
iron oxidation in acidic liquors. In common with many other
iron-oxidizing acidophiles, “F. myxofaciens” P3G is an obligate
autotroph that also has the capacity to fix nitrogen.

Table 2 lists locations throughout the world where “Ferr-
ovum’-like bacteria have been detected using molecular tech-
niques. These are exclusively acidic, iron-rich waters, and many
are flowing waters in which streamer growths have been reported.
The pHs of these water bodies are generally between 2 and 4.8,
reflecting the fact that “F. myxofaciens” P3G is less acidophilic
than many other iron oxidizers that can grow at pHs of <2 (e.g.,
Acidithiobacillus, Sulfobacillus, and Ferrimicrobium spp.) or pHs of
<1 (Leptospirillum and Ferroplasma spp.). Although its tempera-
ture optima for both growth and iron oxidation are ~30°C, “F.
myxofaciens” P3G is metabolically active at 4 to 5°C, confirming
that it is psychrotolerant, a trait that it shares with A. ferrivorans
(22).

The other notable physiological characteristic of “F. myxofa-
ciens” P3G is its propensity to generate copious amounts of EPS.
This causes cells to adhere strongly to each other and also to
metallic, glass, and plastic surfaces, limiting washout of cells in
continuous flow systems, such as one described for remediating
acidic, iron-rich mine waters (28). Because the cells attached to the
sides of the reactor vessel and formed a mixed community (e.g.,
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with Acidiphilium sp.) with filamentous growths that remained
intact at high flow rates, the need to supply a growth support
matrix (as in the case of other iron oxidizers) was avoided and the
effective working volume of the reactor vessel was greatly en-
hanced. The psychrotolerant nature of “F. myxofaciens” P3G was
also perceived to be an advantage in this system as many ferrugi-
nous mine waters have low temperatures.

The novel genus “Ferrovum” is distantly related to classified
taxa within the class Betaproteobacteria, with its closest relatives
being genera of the family Nitrosomonadaceae (order Nitrosomon-
adales), which are lithoautotrophic, ammonium-oxidizing bacte-
ria often found in soil and freshwater environments. The closest
related (92% 16S rRNA gene similarity) iron-oxidizing bacterium
is the nonvalidated species “Ferritrophicum radicicola,” which is
the only genus/species of the proposed family “Ferritrophicaceae”
(order “Ferritrophicales”) and comprises neutrophilic, microaero-
philic iron-oxidizing bacteria (8). Other bacteria distantly related
to “F. myxofaciens” P3G (90 to 92% 16S rRNA gene similarity)
include members of the family Gallionellaceae (Gram-negative
microaerophiles that use ferrous iron as an energy source with
CO, as the sole carbon source). “Ferrovum myxofaciens” (denot-
ing an iron-oxidizing, oval-shaped bacterium that generates copi-
ous amounts of slime) represents a new bacterial genus, and 16S
rRNA data also suggest that it represents a new family (“Ferrova-
ceae”) and order (“Ferrovales”) within the class Betaproteobacteria.
“F. myxofaciens” is the notably first extreme acidophile to be de-
scribed in the class Betaproteobacteria.
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