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ABSTRACT The Fe content and the morphometry of asbestos are two major factors
linked to its toxicity. This study explored the use of microbe-mineral interactions
between asbestos (and asbestos-like) minerals and thermophilic chemolithoautotro-
phic microorganisms as possible mineral dissolution treatments targeting their toxic
properties. The removal of Fe from crocidolite was tested through chemolithoauto-
trophic Fe(III) reduction activities at 60°C. Chrysotile and tremolite-actinolite were
tested for dissolution and potential release of elements like Si and Mg through biosi-
licification processes at 75°C. Our results show that chemolithoautotrophic Fe(III)
reduction activities by Deferrisoma palaeochoriense were supported with crocidolite as
the sole source of Fe(III) used as a terminal electron acceptor during respiration.
Microbial Fe(III) reduction activities resulted in higher Fe release rates from crocidolite
in comparison to previous studies on Fe leaching from crocidolite through Fe assimila-
tion activities by soil fungi. Evidence of biosilicification in Thermovibrio ammonificans
did not correspond with increased Si and Mg release from chrysotile or tremolite-
actinolite dissolution. However, overall Si and Mg release from chrysotile into our
experimental medium outmatched previously reported capabilities for Si and Mg
release from chrysotile by fungi. Differences in the profiles of elements released
from chrysotile and tremolite-actinolite during microbe-mineral experiments with
T. ammonificans underscored the relevance of underlying crystallochemical differ-
ences in driving mineral dissolution and elemental bioavailability. Experimental
studies targeting the interactions between chemolithoautotrophs and asbestos (or
asbestos-like) minerals offer new access to the mechanisms behind crystallochemi-
cal mineral alterations and their role in the development of tailored asbestos
treatments.

IMPORTANCE We explored the potential of chemosynthetic microorganisms growing
at high temperatures to induce the release of key elements (mainly iron, silicon, and
magnesium) involved in the known toxic properties (iron content and fibrous min-
eral shapes) of asbestos minerals. We show for the first time that the microbial respi-
ration of iron from amphibole asbestos releases some of the iron contained in the
mineral while supporting microbial growth. Another microorganism imposed on the
two main types of asbestos minerals (serpentines and amphiboles) resulted in dis-
tinct elemental release profiles for each type of asbestos during mineral dissolution.
Despite evidence of microbially mediated dissolution in all minerals, none of the
microorganisms tested disrupted the structure of the asbestos mineral fibers. Further
constraints on the relationships between elemental release rates, amount of starting
asbestos, reaction volumes, and incubation times will be required to better compare
asbestos dissolution treatments studied to date.
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Asbestos is a term referring to six types of naturally occurring mineral fibers (classi-
fied as either serpentines or amphiboles) that are or have been commercially

exploited (1) due to their valuable physicochemical properties, such as fire resistance,
thermal stability, and low electrical conductivity (2–5). Unfortunately, the desirable physi-
cochemical properties of asbestos are outweighed by their toxic nature when inhaled (1,
6–9). Asbestos toxicity in mammalian cells has been linked to the presence of Fe in the
crystal structure and at the mineral surface, and to its active participation in oxidation-
reduction (redox) reactions driving the generation of reactive oxygen species through
Fenton reactions associated with the (Fe-catalyzed) Haber-Weiss cycle (10–20). The toxic-
ity of asbestos is also linked to particle morphometry, which leads to cell puncture,
frustrated phagocytosis, and inflammation propagation (9, 20–28). Structural and/or
surficial Fe removal has been shown to lower Fenton-type activity involved in the
generation of reactive oxygen species (29–33), whereas the removal of Mg and Si
from asbestos has been shown to compromise its habit (34–37). Consequently, a vari-
ety of asbestos treatment technologies have been explored with the goal of reducing
or removing the toxic properties of asbestos to enable reuse of asbestos or asbestos-
containing materials as secondary raw materials (38–48) or to remediate asbestos
contamination (30, 36, 49–52).

The removal of Fe via asbestos dissolution has been documented with limited success
through the use of siderophores during Fe assimilation processes by lichens, soil fungi, and
soil bacteria (30, 53–56). The breakdown of the asbestos habit has been shown to require
high temperatures (e.g.,$400°C [41]), thermal treatment at relatively high pressure (e.g., 300
to 700°C and 2 to 6 MPa [40]), microwave radiation (43), extreme pH conditions (38), or
accelerated mechanochemical conditions (e.g., milling at 250 rpm [39]). In this study, we
explored the use of microbe-mineral interactions between asbestos (and asbestos-like) min-
erals and anaerobic chemolithoautotrophic thermophiles as mineral dissolution treatments
relevant to their crystallochemical hazards. Using the Fe-rich amphibole asbestos crocidolite
[idealized general formula: Na2(Fe213, Fe312)Si8O22(OH)2 (4)], we tested the removal of Fe
from asbestos through thermophilic chemolithoautotrophic Fe(III) reduction. We also tested
the removal of Si and Mg from serpentine asbestos [chrysotile with idealized general for-
mula: Mg3Si2O5(OH)4 (4)] and amphibole asbestos [tremolite-actinolite with idealized general
formulas of Ca2Mg5Si8O22(OH)2 for tremolite and Ca2(Mg, Fe21)5Si8O22(OH)2 for actinolite (4)]
through thermophilic bacterial biosilicification processes associated with hydrothermal envi-
ronments (57–60). Our results highlight potential opportunities and challenges associated
with the dissolution of asbestos and asbestos-like minerals through microbe-mineral interac-
tions with thermophilic, chemolithoautotrophic anaerobes.

RESULTS
Interactions between Deferrisoma palaeochoriense and crocidolite. Deferrisoma

palaeochoriense grew with crocidolite serving as the sole source of Fe(III) as the termi-
nal electron acceptor for chemolithoautotrophic Fe(III) reduction (Fig. 1A; see also
Table S1 in the supplemental material). Final cell concentrations (average of 1.51 � 107

cells mL21 by 171 h of incubation time) and doubling times (10.1 6 0.68 h) of D. palae-
ochoriense with crocidolite were slightly lower than those obtained with Fe(OH)3 as the
terminal electron acceptor (average of 4.28 � 107 cells mL21 by 171 h of incubation
time; doubling time of 6.05 6 0.97 h). Growth was associated with increases in dis-
solved Fe(II) concentrations ([Fe(II)]) of 236 12 mM (at 48 h) in the presence of crocido-
lite and up to 0.4 6 0.1 mM (by 122 h) in the presence of Fe(OH)3 (Fig. 1A and B; Table
S1). In the medium alone, neither crocidolite nor Fe(OH)3 yielded increased Fe(II) con-
centrations in the medium over time (gray symbols in Fig. 1A and B). No significant
increases in aqueous [Fe(III)] were observed for either crocidolite or Fe(OH)3 in the
presence or absence of microorganisms over time (Fig. S1).

An absolute [Fe(II)] increase of ;2.2 mM—from 1.78 6 0.05 mM at 0 h to 3.96 6

0.08 mM at 171 h—was observed from Fe extractions using unfiltered samples of cro-
cidolite-containing cultures (Table S1). A concurrent absolute [Fe(III)] decrease of
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;1.95 mM—from 5.27 6 0.17 mM at 0 h to 3.32 6 0.22 mM at 171 h—was observed
in the same samples (Table S1). Normalized changes of total extractable [Fe(II)] resulted
in an Fe(II) increase of ;29.2%—from 25.2% 6 0.1% Fe(II) at 0 h to 54.4% 6 2.1% Fe(II)
at 171 h—in crocidolite-containing cultures (Fig. 1C). An absolute increase of ;3.0 mM
[Fe(II)]—from 0.37 6 0.03 mM at 0 h to 3.41 6 0.63 mM at 171 h—was observed for
extractions using unfiltered samples associated of Fe(OH)3-containing cultures (Table
S1). A concurrent absolute [Fe(III)] decrease of ;4.4 mM—from 7.82 6 0.39 mM at 0 h
to 3.39 6 0.24 mM at 171 h—was observed in the same samples (Table S1). The
;1.4 mM difference between the Fe(II) produced and the Fe(III) reduced during micro-
bial growth with Fe(OH)3 likely reflects the production of magnetite (Fe21Fe312O4), as
indicated by the black magnetic precipitate resulting from chemolithoautotrophic Fe
(III) reduction (61). Normalized changes of total extractable [Fe(II)] from unfiltered sam-
ples resulted in Fe(II) increase of ;45.3%—from 4.5% 6 0.3% Fe(II) at 0 h to 49.8% 6

3.1% Fe(II) at 171 h—in Fe(OH)3-containing cultures (Fig. 1D). No simultaneous increase
of [Fe(II)] with a decrease of [Fe(III)] was observed over time in unfiltered samples from
medium incubations containing crocidolite or Fe(OH)3 alone (Fig. 1C and D). Whereas
Fe(OH)3-containing cultures displayed an overall higher Fe(II) increase over time, the
resulting Fe(II)-to-Fe(III) ratios at 171 h were similar in crocidolite- and Fe(OH)3-contain-
ing cultures (Fig. 1C and D).

Total [Fe] measurements via inductively coupled plasma optical emission spectrome-
try (ICP-OES) analysis in filtered samples of crocidolite-containing cultures showed 138.0
6 8.5 mM dissolved [Fe] after 48 h of incubation (from starting values of 27.6 6 0.5 mM

FIG 1 (A and B) Cell concentrations (black) and dissolved [Fe(II)] (blue and brown) associated with growth of D. palaeochoriense with
(A) crocidolite or (B) Fe(OH)3 as sole source of ; 10 mM of Fe(III) for chemolithoautotrophic Fe(III) reduction. Dissolved [Fe(II)] values
from mineral incubations in the medium alone are shown in gray. (C and D) Total extracted [Fe(II)] and [Fe(III)] from unfiltered
samples normalized as percentages of total extracted Fe in crocidolite-containing cultures (C) and Fe(OH)3-containing cultures (D).
Dark blue (C) and dark brown (D) subbars represent Fe(II) values stacked below light blue (C) and gold (D) subbars representing Fe
(III) values. Dark gray (C and D) subbars represent Fe(II) values stacked below light gray (C and D) subbars representing Fe(III) values
associated with mineral incubations in the medium alone. All data points/bars represent averages with their standard deviations
(n = 3).
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at 0 h), followed by a decrease to 87.26 4.9mM by 171 h (Fig. 2A; Fig. S2A). Only 57.66

1.3mM total dissolved [Fe] was observed via ICP-OES for crocidolite in the medium alone
after 48 h (from starting values of 26.4 6 0.0 mM at 0 h), which remained at 57.9 6 1.8
mM dissolved Fe by 171 h of incubation at 60°C (Fig. 2A). Crocidolite’s crystallinity and
grain boundaries were preserved despite the observed Fe-based microbe-mineral inter-
actions (Fig. 3A to C), and similar levels of Si release were observed after 171 h in both
the presence and absence of microorganisms (Fig. 2A). The release of Si from crocidolite
was 8 and 15 times higher than the amount of Fe released in culture and medium incu-
bations after 48 h, respectively. After 171 h of incubation, the Si released from crocidolite
in the cultures became 12 times higher than the Fe in solution, while the released Si in
the crocidolite-containing control medium remained 15 times higher than the Fe in solu-
tion. An overall higher release of Si was observed for crocidolite-containing cultures
from 24 h to 122 h of incubation, compared to crocidolite incubations in the medium
alone (Fig. S3A). These observations are consistent with average bulk Fe/Si values chang-
ing from 0.606 0.02 at 0 h to 0.886 0.13 at 48 h and back again to 0.656 0.01 at 171 h
in crocidolite-containing cultures (Table S1), each assumed to represent a separate mi-
crobial population (n = 3). Bulk Fe/Si values of mineral particles collected from crocidolite
incubations in the medium alone averaged 0.596 0.02 over the entire incubation period
(Table S1). The original bulk Fe/Si value for crocidolite has been reported to be 0.78 (62).

Interactions of Thermovibrio ammonificans with chrysotile and tremolite-actin-
olite. Chrysotile-containing medium and cultures resulted in the same levels of Si and Mg
release over time (Fig. 2B; Table S1) despite evidence of biosilicification by T. ammonificans

FIG 2 (A) ICP-OES measurements of dissolved [Fe] and [Si] in filtered samples of crocidolite incubations at 0, 48, and 171 h
in the presence of D. palaeochoriense or in the medium alone. The primary y axis corresponds to total dissolved [Fe],
whereas the secondary y axis corresponds to total dissolved [Si]. (B and C) ICP-OES measurements of dissolved [Mg] and
[Si] in filtered samples of chrysotile (B) or tremolite-actinolite (C) incubations at 0, 48, and 168 h in the presence of T.
ammonificans or in the medium alone. In all graphs, bars represent averages with their standard deviations (n = 3).

Chemolithoautotrophic Transformations of Asbestos Applied and Environmental Microbiology

Month YYYY Volume XX Issue XX 10.1128/aem.02048-22 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
16

 M
ay

 2
02

3 
by

 1
30

.1
92

.9
8.

17
1.

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02048-22


(Fig. 4A; Fig. S4). Total dissolved [Si] (1.1 6 0.06 mM) and [Mg] (1.6 6 0.11 mM) in filtered
samples from chrysotile-containing cultures matched total values (1.2 6 0.21 mM Si and
0.87 6 0.63 mM Mg) observed for filtered samples from chrysotile in the medium alone.
Reported [Mg] values were obtained after accounting for additional dissolved [Mg] con-
tributed by the initial T. ammonificans inoculum grown in the original medium, given
that preinocula grown in Mg-free and Ca-free medium (used for experiments) resulted in
no further growth. Corrections to dissolved [Mg] values were made for experimental cul-
tures by subtracting the difference between initial dissolved [Mg] in chrysotile-contain-
ing medium and chrysotile-containing cultures at 0 h (0.69 6 0.08 mM). This additional
dissolved [Mg] contribution was validated in observed initial dissolved [Mg] in microbial
cultures (0.72 6 0.02 mM at 0 h) serving as positive controls under experimental condi-
tions (Table S2). In the absence of chrysotile, filtered samples from microbial cultures
resulted in total dissolved [Si] and [Mg] of 0.22 6 0.01 mM and 0.32 6 0.01 mM,
respectively.

Tremolite-actinolite incubations resulted in overall lower total release of Si in both cul-
tures (0.14 6 0.02 mM) and the medium alone (0.26 6 0.00 mM), compared to chrysotile
experiments (Fig. 2B and C). In the absence of tremolite-actinolite, filtered samples from mi-
crobial cultures resulted in total dissolved [Si] of 0.116 0.02 mM. Overall, total dissolved [Si]
values from tremolite-actinolite incubations in the medium alone were higher than total dis-
solved [Si] values from cultures containing tremolite-actinolite (Fig. 2C; Fig. S3C). No evidence
of biosilicification was observed in biomass produced by T. ammonificans in the presence of

FIG 3 High-resolution scanning/transmission electron microscopy (S/TEM) and fast Fourier transform (FFT)
analyses (inside S/TEM images) of crocidolite (A to C), chrysotile (D to F), and tremolite-actinolite (G to I) in
the culture medium alone at 0 h (A, D, and G), incubated in the presence of microorganisms after 7 days
(B, E, and H), and in the culture medium alone after 7 days (C, F, and I). The yellow arrows in panels D to
F point at “closed” chrysotile particle ends at 0 h that became more “opened” after 168 h. The yellow
arrow in panel I points to rounded edges in tremolite-actinolite.
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tremolite-actinolite (Fig. 4B). Interactions between T. ammonificans and tremolite-actinolite
also inhibited the accumulation of dissolved [Mg] that would otherwise occur in association
with tremolite-actinolite in the medium alone (Fig. 2C; Fig. S3F). Reported dissolved [Mg] val-
ues were obtained after accounting for an average of 0.71 6 0.03 mM additional dissolved
[Mg] contributed from the initial T. ammonificans inoculum, corrected by substracting the
difference between initial dissolved [Mg] from tremolite-actinolite in the medium alone and
cultures containing tremolite-actinolite. Corrected initial dissolved [Mg] values in cultures
containing tremolite-actinolite are in line with documented contributions by the inoculum
in chrysotile-containing experiments (which occurred under the same medium composition
and temperature conditions).

Both chrysotile and tremolite-actinolite maintained the same degree of crystallinity
under all experimental conditions (Fig. 3), despite chrysotile particle apices displaying
signs of dissolution over time (Fig. 3D to F) and tremolite-actinolite occasionally showing
particles with rounded edges (Fig. 3I). Bulk Mg/Si values of mineral particles collected
from chrysotile-containing cultures averaged 1.226 0.13 at 0 h, 1.16 6 0.03 at 48 h, and

FIG 4 Scanning/transmission electron microscopy (S/TEM) images of chrysotile (A), tremolite-
actinolite (B), and crocidolite (C) and their respective an energy-dispersive X-ray (EDX) spectrometer
elemental mapping (of boxed areas in S/TEM images) after microbe-mineral incubations. Co-occurring
maps of C (red) and N (green) were used to identify fixed microbial biomass. Maps of Si (light blue)
and Mg (pink) are also shown to indicate evidence of biosilicification (when the Si map overlaps with
C and N maps). Note that the S/TEM image presented in panel C is the same as in Fig. 3B, but with a
different focus (in Fig. 3B we focus on the mineral and panel C we focus on the microorganism).
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1.11 6 0.04 at 168 h (Table S2). Bulk Mg/Si values of mineral particles collected from
chrysotile-containing incubations in the medium alone averaged 1.22 6 0.07 over the
entire incubation period (Table S2). Bulk Mg/Si values of minerals collected from cultures
containing tremolite-actinolite, each assumed to represent a separate microbial popula-
tion (n = 3), went from 0.67 6 0.11 at 0 h to 0.56 6 0.03 at 48 h and to 0.56 6 0.05 at
168 h (Table S3). Bulk Mg/Si values from tremolite-actinolite incubated in the medium
alone averaged 0.56 6 0.00 over the entire incubation period (Table S3). The original
Mg/Si values for chrysotile and tremolite-actinolite have been reported to be 0.98 and
0.64, respectively (63, 64). Overall, no significant differences were observed between
bulk Mg/Si values as a result of microbe-mineral interactions over time with chrysotile
(1.16 6 0.05) and tremolite-actinolite (0.59 6 0.05) compared to bulk Mg/Si values of
1.22 6 0.07 and 0.56 6 0.00 resulting from chrysotile and tremolite-actinolite incubated
over time in the media alone, respectively (Fig. S3A; Tables S1 and S2).

DISCUSSION
Chemolithoautotrophic Fe(III) reduction by D. palaeochoriensewith crocidolite.

Chemolithoautotrophic Fe(III) reduction activities by D. palaeochoriense were sup-
ported with crocidolite as the source of Fe for use as the terminal electron acceptor.
Interactions between D. palaeochoriense and crocidolite resulted in at least ;2.2 mM
Fe(II) produced [and at least ;1.95 mM Fe(III) reduced] during growth, most of which
appeared to stay associated with the mineral surface (Fig. 1C). Despite the significant
microbial Fe(III) reduction activities associated with crocidolite, no changes were
observed in crocidolite’s bulk crystallinity over time (Fig. 3A to C). Because crocidolite
(like many other amphiboles) is thought to exhibit an amorphous Fe-rich coating (65–
67), it is possible that microbe-mineral interactions were limited to the surface of cro-
cidolite fibers. However, only a thin irregular layer of amorphous material (;1 to 3 nm
thick [data not shown]) was occasionally detected, as partially surrounding crocidolite
particles (data not shown), and no additional production of amorphous material was
observed over time (Fig. 3A to C).

Alternatively, microbial reduction of structural Fe(III) in crocidolite may have been
aided by a mechanism of longer-range electron transfer through electrical conductivity
in the mineral’s structure (68, 69). In fact, it has been proposed that the (abiotic) oxida-
tion of Fe(II) at or above 300°C or the reduction of Fe(III) at or above 350°C in the sur-
face of crocidolite can be maintained by migration of electrons and protons through
the crystal while preserving the mineral structure (70–74). It is suggested that the initial
step in the (abiotic) reduction of Fe(III) in crocidolite involves the addition of a proton
(H1) to a structural O22 ion (thought to move in single jumps through structural O22

ions until an OH2 ion is produced at the surface) with the simultaneous reduction of
Fe(III) to Fe(II) (71, 75). Electron transfer along the silicate chain has also been proposed
as a mechanism for sustained electrical conductivity in crocidolite (75). Perhaps croci-
dolite’s bulk crystallinity in this study was maintained as a result of microbial Fe(III)
reduction relying on longer-range electron transfer via the migration of electrons (and
protons) through the crystal. Coupled substitutions between produced Fe(II) with dis-
solved Ca21 or Mg21 in the mineral structure (76) may also help in maintaining the
crystal structure despite chemical modifications. The inhibition of Mg21 release from
crocidolite during microbe-mineral interactions (Fig. S2D) is consistent with the possi-
bility of coupled substitutions in crocidolite during microbial Fe(III) reduction.
Additional changes in dissolved [Si] (Fig. S3A) and in bulk Fe/Si ratios after 48 h of
microbe-mineral interactions highlight co-occurring mineral alterations resulting from
microbial Fe(III) reduction.

Release of Fe from crocidolite by D. palaeochoriense versus other biological
systems. Because crocidolite—the most toxic asbestos mineral with the highest Fe
content (77–80)—was the predominant commercial amphibole (81–84), treatment
efforts to date have focused on removal of Fe from its surface (29, 30, 53, 85, 86). The
application of Fe(III)-reducing activities by D. palaeochoriense in crocidolite led to signifi-
cant Fe(III) reduction in the mineral (Fig. 1C) while also slightly enhancing the release of Fe
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from the mineral (;0.14 mM measured by 48 h via ICP-OES). Prolonged incubation times
(1 week) led to a decrease in dissolved [Fe] (Fig. 1A; Fig. S2A) and [Si] (Fig. S3A), likely due
to reintroduction of Fe and Si into the mineral surface. Microbially mediated Fe release
rates of ;0.006 mM Fe per gram per day were obtained from exponentially growing D.
palaeochoriense cultures during the first 48 h of incubation. While small, these values out-
match Fe release rates from crocidolite by other biological systems studied to date (Table 1),
reflecting the higher overall mobilization of Fe through the microbial respiration of Fe(III) as
opposed to the trace concentration requirements for Fe during Fe assimilation.

The limited Fe removal success documented through Fe assimilation via sidero-
phores by lichens, soil fungi, or soil bacteria (33, 53–56) reflects reduced demand for
Fe via assimilation despite significant differences in biomass sizes from unicellular
and microscopic to multicellular and macroscopic. Regardless, higher Fe release rates
were observed for abiotic crocidolite incubations (versus biological crocidolite incu-
bations) in saline suspensions containing sodium ascorbate at pH 7.0 and 37°C and
in simulated alveolar lung fluid at pH 4.5 and 37°C (Table 1). In saline suspensions
containing sodium ascorbate, ;0.82 mM dissolved [Fe] resulted from 1 g L21 of cro-
cidolite after 25 days of incubation (85). In simulated alveolar lung fluid, ;0.07 mM
dissolved [Fe] resulted from 0.1 g L21 of crocidolite after 90 days of incubation (86).
A total of ;0.14 mM dissolved [Fe] resulted after 2 days of crocidolite incubations
(10 g L21) with D. palaeochoriense at 60°C and pH ;6.4 in 25 mL of liquid medium
(Table 1). It may be possible that sustained, steady-state Fe(III)-reducing microbial
activities may generate ;0.84 mM total dissolved [Fe] (maximum dissolved [Fe]
values in Table 1) after 12 days (instead of 25 days) of incubation through continuous
cultivation approaches.

Substantial Fe(III) reduction activities, concurrent with enhanced Si removal from
the mineral surface (;0.4 mM additional Si released by 24 h, as shown in Fig. S3A), by
D. palaeochoriense in crocidolite may also lead to structural defects from Si loss and
from the imposed changes in the oxidation state of Fe in the mineral, making it more
vulnerable to downstream mechanical treatment. On the other hand, Fe redox altera-
tions in an otherwise unchanged (and stable) crocidolite crystal structure via microbial
Fe(III) reduction at 60°C may provide new access to crocidolite’s properties relevant to
long-range electron transfer reactions at significantly lower temperatures (60°C versus
previously reported abiotic crocidolite Fe redox reactions at$300°C). Because Fe redox
reactions in crocidolite are thought to be reversible (70–74), the potential for bidirec-
tional electron flow within structurally unchanged mineral fibers contributes interest-
ing properties for consideration in material science and its application. Importantly,
the role of Fe redox changes associated with the reduction of Fe in crocidolite—pro-
posed to drive mineral activation (73)—will require further research to better under-
stand the mechanisms driving the chemical reactivity and toxicity of crocidolite
asbestos.

Crystallochemical controls on biosilicification and mineral dissolution by T.
ammonificans. Microbial biomass generated in the presence of chrysotile and ;1.1
mM dissolved [Si] displayed evidence of biosilicification (Fig. 4A). T. ammonificans may
have also taken up ;0.12 mM Si available in the medium containing tremolite-actino-
lite (Fig. 2C; Fig. S3C), despite the absence of a scanning/transmission electron micros-
copy–energy-dispersive X-ray (S/TEM-EDX) signal for Si associated with fixed organic
material (Fig. 4B). The overall lower solubility of tremolite-actinolite, which resulted in
lower dissolved [Si] values than those from chrysotile, may have also contributed to an
undetectable S/TEM-EDX Si signal in microbial biomass generated in the presence of
tremolite-actinolite. Lower co-occurring Mg release from tremolite-actinolite (Fig. S3F)
exemplifies the broad crystallochemical differences with chrysotile. Higher Si and Mg
release patterns in chrysotile are consistent with the alternating Mg and Si layers in its
structure, which have been shown to result in the fast initial release of Mg, followed by
slower dissolution of Si-rich layers (87). Amphiboles such as tremolite-actinolite, on the
other hand, have been shown to dissolve less quickly than chrysotile due to the forma-
tion of an amorphous outer layer rich in Fe species (88, 89). While the bulk crystallinity
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in both chrysotile and tremolite-actinolite was maintained over time (Fig. 3), the evi-
dence of surficial dissolution at particle apices of chrysotile also reflects the higher
overall Si and Mg release observed in chrysotile (Fig. 3D to F). Some minor evidence of
dissolution in tremolite-actinolite was observed in the form of rounded particle edges
(Fig. 3I) and through the presence of some amorphous surfaces (data not shown).

Dissolution differences between chrysotile and tremolite-actinolite were also observed
for Fe, Al, and Ca (Fig. S9). Microbial inhibition of the release of Fe that would otherwise
occur during chrysotile incubations in the medium alone highlight possible Fe uptake and
assimilation activities by T. ammonificans during growth (Fig. S9B). The overall release of Fe
from chrysotile incubations in the medium alone is also relevant to the removal of Fe from
the mineral (Fig. S9B). No significant changes in Fe release resulted from microbial cultures
with tremolite-actinolite (Fig. S9C), which instead led to the inhibition of Ca and Al release
that would otherwise occur during tremolite-actinolite incubations in the medium alone
(Fig. S9F and I). Crystallochemical properties not only are likely to drive resulting elemental
dissolution patterns but also appear to dictate the bioavailability of elements relevant to T.
ammonificansmicrobial growth.

Biologically mediated release of Si and Mg from chrysotile. Because chrysotile is,
by far, the predominant commercial form of asbestos, the release of Si and Mg from its
magnesium silicate framework has been a focus of study involving its dissolution (36,
90, 91). While the presence of T. ammonificans did not enhance Mg and Si leaching
from chrysotile, overall Si and Mg release rates observed in our experimental incuba-
tions (Table 2) outmatched Si and Mg release rates obtained from biologically medi-
ated chrysotile dissolution studies using a fungal system (36). Si release rates compara-
ble to the ones reported in this study (;0.5 mM g21 day21) were obtained from
chrysotile incubations in water (;0.4 mM g21 day21) at pH 4.0 and 25°C under anoxic
(“CO2-free nitrogen”) conditions (90). Lower Mg release rates (;0.6 mM g21 day21) co-
occurred with Si release rates in our study in comparison to Mg release rates for chrys-
otile incubations (;1.1 mM Si g21 day21) in water (90). Under anoxic conditions at pH
4.0 and 25°C, ;1.4 mM dissolved [Si] and ;3.9 mM dissolved [Mg] resulted from 0.5 g
L21 of chrysotile after;7 days of incubation (90). Because a total of;1.1 mM dissolved
[Si] and ;1.8 mM dissolved [Mg] resulted after 2 days of chrysotile incubations (1 g
L21) at 75°C and pH 5.5 (Table 2), it may be possible that sustained, steady-state incu-
bations may generate ;3.8 mM total dissolved [Si] and ;6.3 mM total dissolved [Mg]
after 1 week under chemostatic conditions.

Conclusions. Interactions between D. palaeochoriense and crocidolite illustrate the
capability of microbial Fe(III) reduction to substantially change the oxidation state of
Fe within the amphibole mineral while also contributing, albeit to a lesser extent, to
the release of Fe from its surface—without altering the mineral structure. This removal
of Fe from crocidolite through respiratory Fe(III) reduction outperforms Fe assimilation
as a biological mechanism for the removal of Fe from crocidolite. Interactions between
T. ammonificans and chrysotile or tremolite-actinolite highlight the relevance behind
the crystallochemical differences among serpentine (chrysotile) and amphibole (tremo-
lite-actinolite) asbestos in controlling mineral-processing effectiveness and elemental
bioavailability. Despite the lack of microbially mediated Si and Mg release of chrysotile
by T. ammonificans (which displayed evidence of biosilicification), experimental condi-
tions in our study outmatched previously reported Si and Mg release rates during
chrysotile dissolution by fungi. Additional constraints on the relationships between ele-
mental release rates, amount of starting asbestos, reaction volumes, and incubation
times will be required to better compare the performance of biological and abiotic
asbestos dissolution treatments studied to date.

MATERIALS ANDMETHODS
Microbe-mineral experiments, mineral preparation, and culture conditions. Chemolithoautotrophic

Fe(III) reduction by Deferrisoma palaeochoriense (61) was tested for the removal of Fe from crocidolite
(62), an amphibole asbestos containing about ;38 wt % (where wt % means weight percent) Fe oxides
(versus 3 to 5 wt % Fe oxides in chrysotile and tremolite-actinolite, the other minerals used in this study,
as shown in Table S4). Reference crocidolite from the Union for International Cancer Control (UICC) was
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used as obtained at a final concentration of 10 g L21, which equaled ;10 mM Fe(III) [the smallest
amount of Fe(III) provided that supported the production of known maximal cell concentrations after
incubation (Fig. S5A)]. Microbe-mineral experiments with D. palaeochoriense were performed under opti-
mal growth conditions (60°C, pH 6.1 to 6.4, 1.5 wt % NaCl) using a Mg- and Ca-modified version (see sup-
porting information) of the modified (61) DSM 1210 medium (92). Modifications in the content of Mg
and Ca in the medium were performed to better monitor aqueous Mg and Ca changes associated with
microbe-mineral interactions. The selected Mg and Ca medium modifications did not affect D. palaeo-
choriense’s growth (Fig. S5B). Anaerobic cultivation in sterilized (autoclaved) media included a gas phase
of H2/CO2 (80%:20% [vol/vol], 0.2 MPa), with H2 as the primary electron donor, CO2 as the C source, and
;10 mM Fe(III)—from poorly crystalline Fe(OH)3 in the positive control or crocidolite in experimental
assays—as the terminal electron acceptor.

Bacterial biosilicification (Fig. S6) by Thermovibrio ammonificans (93) was tested for the removal Si
and Mg from serpentine (chrysotile) and amphibole (tremolite-actinolite) asbestos (Table S4). Chrysotile
[crystal-chemical formula: (Mg5.81Fe

21
0.15Al0.27Fe

31
0.09Cr0.01)6.33Si3.97O10(OH)7.11 (63)] and tremolite-actino-

lite [crystal-chemical formula: (Na0.07 K0.01)(Ca1.96 Mn 0.02 Fe
21

0.02)(Mg4.41 Fe
21

0.58 Mn0.01 Al0.01)(Si7.92 Al0.07)
(OH1.98 F0.02) (64)] mineral samples were purified, ground, and filtered, while preserving the original as-
pect ratio (94). Subsequently, particles were sterilized and suspended in water under an N2 (100% [vol/
vol], 0.2 MPa) gas phase (94). The final concentration of these two minerals in microbial cultures was 1 g
L21 as the lowest concentration possible without affecting microbial growth (Fig. S7). Microbe-mineral
experiments with T. ammonificans were performed under optimal growth conditions (75°C, pH 5.5, 2 wt
% NaCl) using a Mg- and Ca-free version (Fig. S8) of the modified (93) SME medium (95). Anaerobic culti-
vation conditions included a gas phase of H2 and CO2 (80%:20% [vol/vol], 0.2 MPa), with H2 as the pri-
mary electron donor, CO2 as the C source, and KNO3 (;20 mM) as the terminal electron acceptor. The
absence of initial organic compounds in the media used for chemolithoautotrophic growth in our
microbe-mineral experiments helped us to identify asbestos interactions with organic substrates (96) as
the result of microbial growth via CO2 fixation.

All microbe-mineral experiments were carried out in 25 mL of media in serum bottles for 1 week in
triplicate, together with triplicate positive controls of microorganisms grown in the absence of minerals
and triplicate negative controls of the minerals in media alone. Samples for direct cell counts (7 or 8 per
culture), aqueous chemical analysis (7 or 8 per serum bottle), and mineralogical characterization (3 per
serum bottle with asbestos) were collected periodically over time to characterize potential mineral disso-
lution as a result of microbial growth.

Measurements of cell concentrations and aqueous chemistry.Microbial growth was documented
via direct cell counts of culture samples (0.25 to 0.5 mL) fixed with 25 mL of 25% (vol/vol) glutaraldehyde
and stained with 0.1% (wt/vol) acridine orange. Stained cells filtered onto a 0.2-mm-pore-size black poly-
carbonate filter were visualized under an Olympus BX53 microscope with a 100� oil immersion objec-
tive (UPlanF1 100/1.3) and X-Cite 120 light-emitting diode (LED) fluorescence lamp. Cell concentration
estimates (in cells per milliliter) were obtained from cell counts performed in 10 separate 50- by 50-mm
grid areas of microscopy images taken with a digital camera system using the image analysis software
CellSens Dimension. Calculations associated with cell concentrations and cell doubling times are
described in the supplemental material.

Aqueous concentrations of Si, Mg, Ca, Al, and Fe were determined using a ICP-OES equipped with a
modified Lichte nebulizer and 25-mm axial plasma torch. Briefly, culture samples (1.0 mL) were centrifuged
for at least 5 min at 10,000� g immediately after collection and the supernatant was subsequently filtered
through a 0.2-mm-pore-size syringe filter. Aqueous [Si], [Mg], [Ca], [Al], and [Fe] were determined from fil-
trates (stored at 220°C until analysis) at wavelengths of 251 nm, 288 nm, 315 nm, 308 nm, and 259 nm,
respectively. All reported aqueous elemental concentrations obtained via ICP-OES were generated by sub-
tracting values of negative-control measurements from values of experimental measurements.

Additional [Fe(II)] and [Fe(III)] measurements were obtained from crocidolite experiments and Fe
(OH)3-containing controls (for positive microbial growth through chemolithoautotrophic Fe(III) reduc-
tion) using a modification (97) of the ferrozine assay (98). Filtrate samples (0.5 mL) generated as
described above were acidified using 2 N HCl to prevent abiotic Fe(II) oxidation and stored at 220°C
until analysis. Spectrophotometric measurements of both aqueous [Fe(II)] and [Fe(III)] were performed
on acidified filtrates diluted with 0.5 N HCl for a total volume of 0.2 mL using a SpectraMax Plus 384
spectrophotometer at 562 nm. Total extractable [Fe(II)] and [Fe(III)] from crocidolite and Fe(OH)3 were
also obtained from unfiltered culture samples (0.5 mL) digested for 8 h (Fig. S9) in 12 N HCl (1:1 ratio)
before 0.5 N HCl dilutions for the ferrozine assay as described above. Obtained values of total extracta-
ble [Fe(II)] and [Fe(III)] for each individual sample were added to obtain the total extractable [Fe], and
this total value was used to normalize changes of total extractable [Fe(II)] and [Fe(III)] within each time
series. For more details on [Fe(II)] and [Fe(III)] measurements in unfiltered culture samples, please see
the supplemental material.

Electron microscopy. Mineral particles collected after centrifugation of samples taken for chemical
analysis at 0 h and 48 h and after 1 week were resuspended twice in clean Milli-Q water and centrifuged
again, and the overlaying water was discarded to remove salts originating from culture media.
Subsequently, the mineral samples were air dried and stored at room temperature before being trans-
ferred onto 12-mm carbon tabs (Pelco) for electron microscopy. The mineral samples were analyzed
using a FEI Quanta 600 FEG Mark II environmental scanning electron microscope (ESEM) equipped with
an energy-dispersive X-ray (EDX) spectrometer. The instrument was used in environmental mode, with a
voltage of 15 kV and a chamber pressure of 0.53 torr. Variable-spot dimensions were used to optimize
imaging or chemical analysis. For all samples, 25 EDX spot analyses were performed, spread across 5
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areas (5 spot analyses per area) at a fixed magnification of �5,000. Averaged bulk elemental composi-
tions (atomic percent) of mineral samples, determined from the EDX spot analyses, were used to calcu-
late Mg/Si or Fe/Si values. Reported bulk compositions included the surface and near-surface areas of
the minerals.

Scanning/transmission electron microscopy (S/TEM) analyses were also performed on air-dried min-
eral samples transferred onto 300-mesh lacey-carbon copper grids leaning on a mixed cellulose ester fil-
ter. Grids were investigated with a JEOL-F200 multipurpose analytical S/TEM (equipped with a cold-field
emission gun and two large-area EDX spectrometers) operated at 200 kV. High-resolution S/TEM imag-
ing in combination with fast Fourier transform (FFT) image elaboration was used to determine the
degree of mineral crystallinity, and S/TEM-EDX mapping was performed to detect, characterize, and
define the spatial location of biomass in relation to the mineral particles. The effects of the S/TEM elec-
tron beam and of the culture media on mineral stability were also taken into consideration as part of
these analyses (Fig. S10 and S11).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.5 MB.
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