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Biotic and abiotic Fe(lll) reduction of clay minerals (illite IMt-1) under
low-temperature (0 and 4°C, pH 6) was studied to evaluate the effects
of bioalteration on soil properties including clay structure and elemental
composition. The extent of Fe reduction in bioreduced samples (~3.8 % at
4°C and ~3.1 % at 0°C) was lower than abiotic reduction (~7.6 %) using
dithionite as a strong reductant. However, variations in the illite crystallinity
value of bioreduced samples (°A26 = 0.580-0.625) were greater than those
of abiotic reduced samples (°A26 = 0.580-0.601), indicating that modification
of crystal structure is unlikely to have occurred in abiotic reduction.
Moreover, precipitation of secondary-phase minerals such as vivianite
[Fe2t3(PO4)» 8H,0] and nano-sized biogenic silica were shown as evidence
of reductive dissolution of Fe-bearing minerals that is observed only in a
bioreduced setting. Our observation of a previously undescribed microbe—
mineral interaction at low-temperature suggests a significant implication for
the microbially mediated mineral alteration in Arctic permafrost, deep sea
sediments, and glaciated systems resulting in the release of bioavailable Fe
with an impact on low-temperature biogeochemical cycles.

microbe-mineral interaction, psychrophilic bacteria, biomineralization, Fe sources,
illite (IMt-1)

Introduction

Microbe-mineral interactions have been studied for the last three decades across
many fields, including mineral diagenesis, nutrient cycling, biomineralization, organic
matter maturation, and the planetology of outer space, to understand environmental
processes. This is because microbes and clay minerals are ubiquitous in natural
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sediments and play a significant role in environmental
processes, such as surface area, cation exchange capacity, and
clay particle flocculation (Pollastro, 1993; Kim et al., 2004, 2012;
Dong et al., 2009; Bishop et al., 2013). According to previous
studies, microbial Fe(III) respiration can catalyze the alteration
of Fe oxides and Fe-bearing clay minerals in mesophilic and
thermophilic conditions representing the surface and deep
biosphere (Kostka et al., 1999; Zhang et al, 2007a; Jaisi
et al.,, 2011; Stucki, 2011; Koo et al.,, 2014; Kim et al., 2019).
Mineral alteration by psychrophilic bacteria in Antarctic marine
sediments (Jung et al., 2019) were recently reported, providing
scientific communities, such as those conducting mineralogy
and biogeochemistry, with new evidence for microbial mineral
alteration in the cryosphere. Microbes have been detected in
diverse glacio-marine environments (Mikucki et al., 2009), ice
sheets (Karl et al., 1999), permafrost (Margesin et al., 2016), and
subglacial lakes (Gill-Olivas et al., 2021), introducing growing
evidence (Sharp et al.,, 1999; Skidmore et al., 2005; Wadham
et al,, 2010; Montross et al, 2013) for the possibility that
microbes may play a role in biogeochemical weathering, even
at low-temperatures (Montross et al., 2013; Nixon et al., 2017).
Biogeochemical reactions can modify in the oxidation state of
iron in mineral structure resulting in physical and chemical
properties of clay minerals (Kim et al., 2004), which are generally
sensitive to redox conditions in the system (Gorski et al., 2013).
These physicochemical changes in bioreduced clay minerals
increase the amount of residual Fe(II) in clay structure and Fe
in solution form, suggesting that the Fe released from sediments
could be a consequence of microbial Fe(IIT) reduction in the clay
structure (Stucki, 2011; Koo et al.,, 2014). However, microbial
mineral alteration at low-temperature is still poorly understood
because it challenges the conventional concept of kinetic and
thermodynamic models.

Mlite crystallinity (IC), also known as the Kiibler index, has
frequently been used as a proxy for low-grade metamorphism
(Cashman and Ferry, 1988; Eberl and Velde, 1989) due to it
being closely linked with burial temperature and time, fluid
pressure, lithology, and illite composition (Weaver et al., 1971;
Frey, 1987). IC comprises the half-height width of illite 10-
A peak from XRD profiles (Kiibler, 1964) that reflects X-ray
scattering domain size and structural distortions (Eberl and
Velde, 1989), and it measures crystal alterations (Roberts and
Merriman, 1985). Recently, analysis of IC has been employed
beyond metamorphism to reconstruct paleoclimate conditions
such as Holocene warming (Pandarinath, 2009; Wang and
Yang, 2013; Jung et al., 2019). Chemical weathering in organic-
rich sediments is accelerated in wet and warm monsoonal
conditions, resulting in the alteration of illite structure and
a corresponding change in IC. Thus, IC has been proven
to have a broader impact than simply as a diagnostic for
metamorphism. However, none of these studies have taken
into account specifically the biotic/abiotic effects on IC.
Here, we addressed this issue by conducting low-temperature
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biotic/abiotic reduction experiments (0 and 4°C, pH 6) designed
to simulate cold environments and compared the degree of
alteration by biotic and abiotic processes.

Materials and methods

Material, bacterial strain, and media
preparation

Ilite (IMt-1) (Cag.01Nag.0sK1.58)(Alz.78Fe* o 67Fe** g 08
Mgo.47)(Sis 89Al1.11)O20(OH)4, purchased from the source
clays repository of the Clay Minerals Society, was used in the
present study. The IMt-1 contained 12.3 % total Fe content,
and the Fe(IT)/total Fe ratio was 0.10 (Bishop et al., 2011). Size
fractions < 2°wm of IMt-1 were separated by gravitational
settling in a deionized water column and then freeze-dried to
acquire a homogeneous illite (Koster et al., 2019). Psychrophilic
bacteria (Shewanella vesiculosa sp.), which are known to be
cold-adapted and cold-tolerant facultative Fe-reducing bacteria
(Bozal et al., 2009), were isolated from King Sejong Station,
Antarctica, by the Korea Polar Research Institute (KOPRI).
S. vesiculosa were grown aerobically in a Luria-Bertani broth
liquid medium at 15°C for 7°days to increase cell density and
activity. The cells were then washed three times with 0.1 mM
NaCl in order to remove the residual medium (Myers and
Nealson, 1988). The final cell density for the batch experiments
was ~1.0 x 107 CFU/mL, which was determined by viable-
cell count and optical density measurement at 660 nm with
a UV/VIS spectrometer (DR4000UV, Hach, Loveland, CO,
United States). Washed cells were inoculated in the N;-purged
M1 medium with IMt-1 (4 g/L) as the sole electron acceptor
and with Na-Lactate (20 mM) as the electron donor for the
microbe-mineral interaction (Table 1). The medium was
buffered by MOPS to maintain pH 6 during the reaction.
Control and chemical reduction sets were prepared in the same

TABLE 1 Experimental settings for bioreduced, control, and chemical
reduced condition.

Experimental set Composition
Clay mineral Medium  Dithionite
Bioreduced v v
Control v v
Chemical reduced v v
pH 6.0
Temperature 0°C, 4°C

Medium composition M1 Basal salts, M1 Trace element, M1 Phosphate,
M1 metal supplement, MOPS, 15 mM Sodium
selenate, 0.2 M NaHCO3, M1 Amino acid, 2 M

C3H503Na, 2 M HCOONa
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way as the experimental set, except that the microbes were
not suspended in the solution. The abiotic chemical reduction
set (2 h) was reduced using dithionite (NayS;04) as a strong
reductant. A sample of 100 mL of this suspension was placed in
each serum bottle (4 and 0°C). The reaction was stopped at time
points of 1, 2, 4, 8, 12, and 24°weeks by freezing the samples
in a deep freezer (—70°C) and then thawing them in ambient
temperature water for further analysis.

Chemical analysis

The structural Fe of IMt-1 was extracted by 3.6 N H,SO4
and 48 % HE and then 1,10-phenanthroline reagent was added
to the samples (Stucki, 1981). Triplicate copies of each set
were prepared to measure the Fe(II)/Feyy, and minimize the
measuring error. The concentration of the Fe(II) was measured
with a UV/VIS spectrometer (DR4000UV, Hach, Loveland,
CO, United States) at 510 nm of wavelength. Hydroxylamine
was added to reduce residual Fe(III) to Fe(II), and then
Fe(II) concentration was measured again for Feyy, content.
The concentration of dissolved Fe [Fe(I).q + Fe(Ill)aq] in
the solution was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES; ICAP 7000, Thermo
Scientific, Germany) at the Korea Polar Research Institute
(KOPRI). The liquid aliquots were collected after centrifugation
(11,000 rpm, 3 min) and then filtered with a 0.45°pum filter to
remove residual particles (Kim et al., 2010; Jeong et al., 2012).

X-ray diffractometer

X-ray diffraction (XRD) analyses were obtained at 30°kV
and 10°mA with an X’PERT-PRO automated diffractometer
utilizing Cu-Ka radiation. XRD profiles were recorded at a scan
speed of 0.02 step and 1.0°/min over the range of 26 angles
(2-40°26), and then Crystallographica Search-Match software
(version 2.0.3.1) was used to identify the mineralogical change.
IC refers to the full width at half-maximum height (FWHM)
of illite (001) XRD peak (Kiibler, 1964; Jaboyedoff et al., 2001)
utilizing OriginPro8 software after the background removal by
Chebyshev polynomial (< 20 coefficients) and the pseudo-Voigt
function suggested by Thompson (Thompson et al., 1987).

Electron microscopic observation

A field emission scanning electron microscope (FE-
SEM; Gemini500, Zeiss, Germany) with energy dispersive
X-ray spectroscopy (Ultim max100, Oxford Instruments,
United Kingdom), operating at a working distance of 10 mm
and 15°keV, was used to observe the precipitation of secondary-
phase minerals. SEM specimens were prepared following a
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FIGURE 1

Extent of biotic and abiotic Fe reduction in IMt-1 during batch
experiment at various temperatures (0 and 4°C) and incubation
times.

method to improve their image resolution and elemental
composition (Dong et al., 2003a). The prepared specimens were
air-dried for 24 h prior to Pt coating 10 nm in thickness.

Results

Biotic/abiotic Fe reduction

A series of dissolution experiments (0 and 4°C at pH 6)
was performed using IMt-1 with S. vesiculosa to estimate Fe(IT)
generated biotically and abiotically (Figure 1). The extent of
Fe(ITI) reduction in the bioreduced sample at 0°C reached
~2.3% after 4°weeks and then slightly increased to ~3.1% after
24°weeks of incubation. The bioreduced sample at 4°C reached
up to ~3.8% after 4°weeks and then decreased to ~2.6% after
8°weeks of incubation. After that, the extent of Fe(III) reduction
slowly increased to ~3.1% after 24°weeks. After the first 4°weeks
of incubation, the highest rate of Fe(III) reduction was observed
at both temperatures, while no measurable Fe(III) reduction
(~0.2%) was shown in the control samples (0 and 4°C). Abiotic
reduction using the dithionite reduced more Fe(III) in IMt-1
(~7.6%) than biotic reduction.

The concentration of the total dissolved Fe upon biological
dissolution from IMt-1 at both temperatures (Figure 2)
increased rapidly for up to 8°weeks of incubation (44.2 pM
in 0°C and 47.3 uM in 4°C) and decreased after 12°weeks
(32.9 uM in 0°C and 26.8 LM in 4°C), and 24 weeks (36.5 WM in
0°Cand 32.1 uM in 4°C). Abiotic reduction showed the highest
concentration of dissolved Fe (431.5 wM). On the other hand, a
small variation in dissolved Fe (6.0 M in 0°C and 1.3 pM in
4°C) in the solution was measured in the control samples.
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FIGURE 2

Production of total dissolved Fe from IMt-1 during batch
experiment at various temperatures (0 and 4°C) and incubation
times
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FIGURE 3

X-ray diffraction (XRD) profiles for illite and vivianite main peaks
for bioreduced, abiotic reduced, and control samples after
24°weeks.

Mineralogical change

The XRD profiles (Figure 3) of the IMt-1 samples at pH 6
for the 24°weeks of incubation all showed main peaks of illite,
including (001), (002), and (003) peaks. The values of IC in
°A26 showed variation with conditions in a range of 0.580-
0.613 (0°C bioreduced IMt-1), 0.580-0.625 (4°C bioreduced
IMt-1), and 0.580-0.601 (abiotic reduced IMt-1). A particularly
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abrupt increase in corresponding IC values for bioreduced IMt-
1 was noticed (Table 2); however, a small variation in IC values
(0.580-0.583 °A26) was measured in the control samples (0
and 4°C).

The unaltered initial IMt-1 showed a bulky-, flaky-looking
texture (Figure 4A), and corresponding elemental compositions
of Al/Si (0.58) and K [K/(K+2Ca) = 0.83] in SEM-EDS
were observed. In the abiotic reduced IMt-1, initial illite
remained at the end of the incubation period, but the elemental
compositions of Al/Si (0.59) and K [K/(K+2Ca) = 1] were
increased (Figure 4B), and no interlayer Ca was measured. After
bioreduction, bioreduced IMt-1 displayed altered crystalline
boundaries and small euhedral crystals of illite (Figure 4C).
The elemental compositions of Al/Si (0.59), K content
[K/(K+2Ca) = 1], and no interlayer Ca were measured. Many
dissolution pits were observed in the bioreduced samples
(Figure 4C). The magnified image of bioreduced IMt-1
(Figure 4D) showed the size of dissolution pits (~1-2°wm).
A new mineral phase, vivianite [Fe2t5(POy4),-8H,0], was
detected at 11.15 °26 and 13.15 °26 in the XRD profile only
for the 4°C bioreduced sample after 24°weeks of incubation, in
contrast to the abiotic reduced and control samples (Figure 3).
Direct observation of euhedral crystal at approximately 10-
20°pwm in size and elemental composition of Fe, P, and O in
EDS measurement indicated the precipitation of secondary-
phase mineral precipitation (Figure 5). Moreover, nano-sized
and aggregated biogenic silica was detected only in the
bioreduced sample.

Discussion

Biotic/abiotic reduction of clay
minerals

The extent of microbial Fe(III) reduction in clay minerals
varies depending on elements of the experimental setting, such
as the type of bacterial species, concentration of inoculated cells
and minerals, medium chemistry (pH, buffer, and elemental
composition), temperature, and presence of electron shuttle
(Kostka et al., 1999; Jaisi et al., 2005, 2007; Furukawa and
O’Reilly, 2007; Zhang et al., 2007a,b). Moreover, the limited
reduction of structural Fe(III) in clay minerals has been
attributed to multiple factors (Roden and Wetzel, 2002; Jaisi
et al., 2007). Additional inoculation of fresh cells is the most
effective way for electron acceptors such as clay minerals or
Fe-oxides to promote the biotic reaction (Urrutia et al., 1998).
However, none of these studies have compared the degree
of biotic/abiotic effects on mineral alteration, such as the
modification of IC. Microbial alterations of IMt-1 responded
to increases in the extent of Fe(IIl) reduction (Figure 1),
and consequently, the soluble form of Fe concentration
(Figure 2) from reductive dissolution was clearly displayed
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TABLE 2 Full width at half maximum (° A26) of biotic/abiotic reduced IMt-1.

Time 0°C bioreduced 0°C control 4° bioreduced 4°C control Abiotic reduced
Time zero 0.580 0.580 0.580 0.580 0.580
2h 0.601
1 week 0.582 0.580 0.583 0.581
2 weeks 0.587 0.582 0.599 0.582
4 weeks 0.608 0.582 0.621 0.581
8 weeks 0.611 0.583 0.623 0.582
12 weeks 0.613 0.582 0.624 0.584
24 weeks 0.613 0.583 0.625 0.583
K/(K+Ca)=1>
Al/Si=0.59
FIGURE 4
SEM images of the (A) unaltered initial IMt-1, (B) chemically reduced IMt-1, (C) bioreduced IMt-1 after 24°weeks incubation, and (D)
magnification of dissolution pits in bioreduced IMt-1.

in the modification of mineral structure (Table 2) and
precipitation of secondary phase minerals (Figures 3, 5).
Interestingly, variations in IC value abruptly increased in
bioreduced samples compared with abiotic reduced samples
(Table 2), which showed a much higher extent of Fe(III)
reduction. In other words, low crystalline illite (high IC
value) has a correlation with the activity of microbial Fe
respiration, which causes the alteration of illite structure in
anaerobic low-temperature conditions. Progressive changes
in morphology of bioreduced IMt-1 (Figure 4C), compared
with abiotic reduced and control samples (Figures 4A,B),
supported a reductive dissolution of clay minerals and
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secondary-phase mineral formation (Figure 5), as shown in the
solution chemistry (Figure 2) and mineralogy (Figure 3 and
Table 2). Furthermore, many dissolution pits in bioreduced
IMt-1 showed similar sizes to microbes (Figure 4C). The
magnified image of bioreduced IMt-1 (Figure 4D) further
confirmed that the size of the dissolution pits was similar
to those of microbes (~1-2°um). The formation of nano-
sized aggregated biogenic silica also strongly supported the
dissolution of illite (Figure 5). Furthermore, biogenic minerals
show much smaller in crystal size (Zhang et al., 2007a) and
have fewer impurities than those that are inorganically formed
(Carvallo et al., 2008).
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SEM image of euhedral vivianite crystal and nano-sized aggregated silica in bioreduced sample after 24°weeks incubation. Elemental

composition of Fe, P, and O in EDS measurement.

Mineral transformation by microbial
reduction

Diverse microorganisms have been shown to get energy
from Fe respiration using solid minerals to maintain their
growth and metabolism (Kostka et al., 1996, 1999; Lovley, 2004),
resulting in mineralogical and chemical changes. Generally,
two possible mechanisms for mineral transformation by
microbial Fe(III) reduction have been proposed: (1) solid-
state reaction and (2) dissolution—precipitation (Dong et al,
2009). Microbial Fe(III) reduction in clay minerals occurs
without any dissolution in the solid state model. If any,
mineralogical modifications such as dissolution are very small,
and reaction is completely reversible after reoxidation (Gates
et al., 1996; Kashefi et al., 2008). However, mineral dissolution
occurs, either before or after microbial Fe(III) reduction, in
the dissolution—precipitation model. In this case, reactions are
irreversible, and secondary-phase minerals are often observed
resulting from bioreduction (Dong et al., 2003a; Jaisi et al,
2007; Zhang et al., 2012). The euhedral vivianite crystals
and nano-sized aggregated biogenic silica observed in this
study (Figure 5) demonstrated that psychrophilic bacteria
were capable of dissolving illite IMt-1 and precipitating new
minerals in low-temperature conditions (Figures 5, 6). The
initial increase in concentration of the total dissolved Fe in
bioreduced samples (Figure 3) may result from the reductive
dissolution of IMt-1, and the subsequent decrease could be
attributed to the precipitation of vivianite (hydrated iron
phosphate mineral). The dissolution of IMt-1 and formation of
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biogenic secondary-phase minerals suggest that psychrophile-
mediated redox cycling of IMt-1 is not a reversible reaction.
Moreover, the bioreduced IMt-1 was more enriched in the
interlayer cation (K) than abiotic-reduced sample (Figure 4C).
These additional cations were expected to rebalance the negative
charge resulting from the Fe-reduction [Fe(III) to Fe(II)] in
the octahedral sheet of the illite structure (Zhang et al., 2012).
Over an extended time in natural soil environments, Fe-bearing
minerals such as smectite, illite, smectite-illite (S-I) mixed-
layer, and Fe-oxides may undergo reductive dissolution in
anoxic conditions and supply the bioavailable iron (Stucki,
1988; Kostka et al., 1999; Stucki and Kostka, 2006; Jaisi et al.,
2011; Liu et al, 2012). On the other hand, they could have
been re-oxidized partially when they were exposed to oxygen
and other oxidants (Stucki, 2011). Therefore, Fe-bearing clay
minerals may go through repetitive cycles of the Fe redox
state and play an important role in the elemental cycle in

low-temperature environments.

Environmental implications

The microbe-mineral interactions are commonly anaerobic
reactions and are found in various soils and sediments
distributed in glacial, deep sea, and hydrothermal vents (Bishop
et al, 2013). A new challenge for testing the modification of
IC for the biogeochemical reaction was initiated to simulate
cold environments and compare the degree of alteration by
biotic and abiotic processes. It is the first measured evidence
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of IC responding to biotic and abiotic Fe reduction at low-
temperature. These results also can be applied to search for
biosignatures in clay minerals on the primitive Earth and
Mars (Bishop et al., 2013). Furthermore, bioavailable iron is
a necessary nutrient for the growth and metabolic process
of phytoplankton in marine environments (Morel and Price,
2003; Wadley et al,, 2014). For this reason, the increase in
primary productivity is restricted due to insufficient iron in
some areas of the global ocean that causes outgassing of
upwelled CO, that serves as a regulator of climate change
(Martin, 1990). However, the source of bioavailable iron to the
global ocean still remains an open question. Low crystalline
illite (high value of IC) has a strong relation with the
activity of microbial Fe respiration, which causes the alteration
of illite structure in low-temperature anaerobic conditions
(Jung et al, 2019). The psychrophilic Fe-reduction in illite
resulted in structural and chemical modification similar to the
consequences presented in our previous reports for mesophilic
(Dong et al., 2003b; Kim et al., 2004) and thermophilic reactions
(Zhang et al., 2007a). Illite appears prominently on continental
shelves (Petschick et al., 1996; Wang and Yang, 2013), and the
concentration of dissolved Fe(II) is higher near the coastline
than in the open ocean (Schlosser et al, 2012), suggesting
that bioavailable iron may be transported from terrigenous
sediments to the ocean through microbial Fe(III) reduction in
Fe-rich sediments. An approximation of the total Fe released
to the solution through microbial Fe(III) reduction in Fe-
rich smectite was about ~5% of calculated total structural
Fe in our previous experiment for psychrophilic microbe and
NAu-2 interaction (Keeling et al., 2000; Jung et al., 2019). In
consideration of the clay content in marine sediments [clay
content is generally < 30% and partly < 10% of the bulk
sediment (Petschick et al., 1996)], microbial activity positively
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related to the modification of illite structure corresponding to
redox conditions plays an important role in nourishing the
bioavailable Fe(II) in global oceans.

Conclusion

The evidence of microbially weathered illite was identified
through the progressive increase in extent of Fe reduction
and dissolved Fe concentration, and dissolution features
corresponding to the increases in K-content (K/K+Ca) and
Al/Si. The extent of Fe reduction in bioreduced samples was
lower than abiotic reduction using dithionite as a strong
reductant. However, variations in the illite crystallinity value
of bioreduced samples were greater than those of abiotic
reduced samples, suggesting that modification of mineral
structure is unlikely to have occurred in abiotic reduction.
Moreover, precipitation of secondary-phase minerals such as
vivianite and nano-sized silica were shown as evidence of
reductive dissolution of Fe-bearing minerals that is observed
only in a bioreduced setting. In summary, our observation
of a previously undescribed microbe-mineral interaction at
low-temperature suggests an important implication for the
microbially mediated mineral alteration in Arctic permafrost,
deep sea sediments, and glaciated systems resulting in the supply
of bioavailable Fe with an impact on biogeochemical cycles in
low-temperature environments.

Data availability statement

The original contributions presented in this study

are included in the article/supplementary material,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.980078
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Jung et al.

further inquiries can be directed to the corresponding
author.

Author contributions

J] designed the overall research concept, data interpretation,
and drafted the manuscript. HC produced data, including
ICP and SEM data with the help of YS, and IM
developed the concept of pathway of Fe cycle. YK and
KK interpreted overall data and revised the manuscript.
All authors have contributed to the writing of the
manuscript, read, and agreed to the published version of the
manuscript.

Funding

This research was a part of the project titled

“Selection of prospective mining area for Co-rich
Pacific

environmental

ferromanganese crust in western seamounts:

3-D resource estimation and impact

evaluation,” funded by the Korean Ministry of Oceans
and Fisheries, South Korea (No. 20220509), the Korea
Institute of Ocean Science and Technology project
(PEA0024), and the Korea Polar Research Institute project
(PE22120).

References

Bishop, J. L., Loizeau, D., Mckeown, N. K., Saper, L., Dyar, M. D., Des Marais,
D. J., et al. (2013). What the ancient phyllosilicates at Mawrth Vallis can tell us
about possible habitability on early Mars. Planet. Space Sci. 86, 130-149. doi:
10.1016/1.pss.2013.05.006

Bishop, M. E., Dong, H., Kukkadapu, R. K., Liu, C., and Edelmann, R. E. (2011).
Bioreduction of Fe-bearing clay minerals and their reactivity toward pertechnetate
(Tc-99). Geochim. Cosmochim. Acta 75, 5229-5246. doi: 10.1016/j.gca.2011.06.034

Bozal, N., Montes, M. J., Mifiana-Galbis, D., Manresa, A., and Mercadé, E.
(2009). Shewanella vesiculosa sp. nov., a psychrotolerant bacterium isolated from
an Antarctic coastal area. Int. J. Syst. Evol. Microbiol. 59, 336-340. doi: 10.1099/ijs.
0.000737-0

Carvallo, C., Sainctavit, P., Arrio, M.-A., Menguy, N., Wang, Y., Ona-Nguema,
G., et al. (2008). Biogenic vs. abiogenic magnetite nanoparticles: A XMCD study.
Am. Mineral. 93, 880-885. doi: 10.2138/am.2008.2713

Cashman, K. V., and Ferry, J. M. (1988). Crystal size distribution (CSD) in
rocks and the kinetics and dynamics of crystallization. Contrib. Mineral. Petrol.
99, 401-415. doi: 10.1007/BF00371933

Dong, H,, Jaisi, D. P., Kim, J.-W., and Zhang, G. (2009). Microbe-clay mineral
interactions. Am. Mineral. 94, 1505-1519. doi: 10.2138/am.2009.3246

Dong, H., Kostka, J. E., and Kim, J. (2003a). Microscopic evidence for microbial
dissolution of smectite. Clays Clay Miner. 51, 502-512. doi: 10.1346/CCMN.2003.
0510504

Dong, H., Kukkadapu, R. K., Fredrickson, J. K., Zachara, J. M., Kennedy, D. W.,
and Kostandarithes, H. M. (2003b). Microbial reduction of structural Fe (III)
in illite and goethite. Environ. Sci. Technol. 37, 1268-1276. doi: 10.1021/es020
919d

Frontiers in Microbiology

10.3389/fmicb.2022.980078

Acknowledgments

We thank the scientists of KIOST and KOPRI for their help
before, during, and after the experiment. We also thank the chief
scientists, Kitae Kim, and Youngtak Ko for their tremendous
support. Discussion with Kitae Kim was very valuable in
interpreting the low-temperature microbial mineral alteration.
We also thank to Young Kyu Park at Yonsei University for the
discussion about SEM analysis data.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Eberl, D., and Velde, B. (1989). Beyond the Kiibler index. Clay Miner. 24,
571-577. doi: 10.1180/claymin.1989.024.4.01

Frey, M. (1987). “Very low-grade metamorphism of clastic sedimentary rocks,”
in Low temperature metamorphism, ed. M. Frey (Glasgow: Blackie), 9-58.

Furukawa, Y., and O’Reilly, S. (2007). Rapid precipitation of amorphous silica
in experimental systems with nontronite (NAu-1) and Shewanella oneidensis
MR-1. Geochim. Cosmochim. Acta 71, 363-377. doi: 10.1016/j.gca.2006.09.
006

Gates, W. P., Stucki, J. W., and Kirkpatrick, R. (1996). Structural properties of
reduced Upton montmorillonite. Phys. Chem. Miner. 23, 535-541. doi: 10.1007/
BF00242003

Gill-Olivas, B., Telling, J., Tranter, M., Skidmore, M., Christner, B., O’doherty,
S., et al. (2021). Subglacial erosion has the potential to sustain microbial processes
in Subglacial Lake Whillans, Antarctica. Commun. Earth Environ. 2, 1-12. doi:
10.1038/543247-021-00202-x

Gorski, C. A., KliPfel, L. E., Voegelin, A., Sander, M., and Hofstetter, T. B.
(2013). Redox properties of structural Fe in clay minerals: 3. Relationships between
smectite redox and structural properties. Environ. Sci. Technol. 47, 13477-13485.
doi: 10.1021/es403824x

Jaboyedoff, M., Bussy, F., Kiibler, B., and Thelin, P. (2001). Illite “crystallinity”
revisited. Clays Clay Miner. 49, 156-167. doi: 10.1346/CCMN.2001.0490
205

Jaisi, D. P., Dong, H., and Liu, C. (2007). Influence of biogenic Fe (II) on the
extent of microbial reduction of Fe (III) in clay minerals nontronite, illite, and
chlorite. Geochim. Cosmochim. Acta 71, 1145-1158. doi: 10.1016/j.gca.2006.11.027

frontiersin.org


https://doi.org/10.3389/fmicb.2022.980078
https://doi.org/ 10.1016/j.pss.2013.05.006
https://doi.org/ 10.1016/j.pss.2013.05.006
https://doi.org/ 10.1016/j.gca.2011.06.034
https://doi.org/ 10.1099/ijs.0.000737-0
https://doi.org/ 10.1099/ijs.0.000737-0
https://doi.org/ 10.2138/am.2008.2713
https://doi.org/ 10.1007/BF00371933
https://doi.org/ 10.2138/am.2009.3246
https://doi.org/ 10.1346/CCMN.2003.0510504
https://doi.org/ 10.1346/CCMN.2003.0510504
https://doi.org/10.1021/es020919d
https://doi.org/10.1021/es020919d
https://doi.org/ 10.1180/claymin.1989.024.4.01
https://doi.org/10.1016/j.gca.2006.09.006
https://doi.org/10.1016/j.gca.2006.09.006
https://doi.org/ 10.1007/BF00242003
https://doi.org/ 10.1007/BF00242003
https://doi.org/ 10.1038/s43247-021-00202-x
https://doi.org/ 10.1038/s43247-021-00202-x
https://doi.org/ 10.1021/es403824x
https://doi.org/10.1346/CCMN.2001.0490205
https://doi.org/10.1346/CCMN.2001.0490205
https://doi.org/ 10.1016/j.gca.2006.11.027
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Jung et al.

Jaisi, D. P., Eberl, D. D., Dong, H., and Kim, J. (2011). The formation of illite
from nontronite by mesophilic and thermophilic bacterial reaction. Clays Clay
Miner. 59, 21-33. doi: 10.1346/CCMN.2011.0590105

Jaisi, D. P., Kukkadapu, R. K., Eberl, D. D., and Dong, H. (2005). Control of Fe
(I1I) site occupancy on the rate and extent of microbial reduction of Fe (III) in
nontronite. Geochim. Cosmochim. Acta 69, 5429-5440. doi: 10.1016/j.gca.2005.07.
008

Jeong, D., Kim, K., and Choi, W. (2012). Accelerated dissolution of iron oxides
in ice. Atmos. Chem. Phys. 12, 11125-11133. doi: 10.5194/acp-12-11125-2012

Jung, J., Yoo, K.-C., Rosenheim, B. E., Conway, T. M., Lee, J. I, Yoon, H. I,
etal. (2019). Microbial Fe (III) reduction as a potential iron source from Holocene
sediments beneath Larsen Ice Shelf. Nat. Commun. 10, 1-10. doi: 10.1038/s41467-
019-13741-x

Karl, D., Bird, D., Bjérkman, K., Houlihan, T., Shackelford, R., and Tupas, L.
(1999). Microorganisms in the accreted ice of Lake Vostok, Antarctica. Science
286, 2144-2147. doi: 10.1126/science.286.5447.2144

Kashefi, K., Shelobolina, E. S., Elliott, W. C., and Lovley, D. R. (2008). Growth
of thermophilic and hyperthermophilic Fe (III)-reducing microorganisms on a
ferruginous smectite as the sole electron acceptor. Appl. Environ. Microbiol. 74,
251-258. doi: 10.1128/AEM.01580-07

Keeling, J. L., Raven, M. D., and Gates, W. P. (2000). Geology and
characterization of two hydrothermal nontronites from weathered metamorphic
rocks at the Uley graphite mine, South Australia. Clays Clay Miner. 48, 537-548.
doi: 10.1346/CCMN.2000.0480506

Kim, J., Dong, H., Seabaugh, J., Newell, S. W., and Eberl, D. D. (2004). Role
of microbes in the smectite-to-illite reaction. Science 303, 830-832. doi: 10.1126/
science.1093245

Kim, J., Dong, H., Yang, K., Park, H,, Elliott, W. C., Spivack, A., et al. (2019).
Naturally occurring, microbially induced smectite-to-illite reaction. Geology 47,
535-539. doi: 10.1130/G46122.1

Kim, J., Furukawa, Y., Curry, K. J., and Bennett, R. H. (2012). Role of chitin
in montmorillonite fabric: Transmission electron microscope observations. Clays
Clay Miner. 60, 89-98. doi: 10.1346/CCMN.2012.0600108

Kim, K., Choi, W., Hofftmann, M. R., Yoon, H.-I,, and Park, B.-K. (2010).
Photoreductive dissolution of iron oxides trapped in ice and its environmental
implications. Environ. Sci. Technol. 44, 4142-4148. doi: 10.1021/es9037808

Koo, T.-H., Jang, Y.-N., Kogure, T., Kim, J. H., Park, B. C., Sunwoo, D,
et al. (2014). Structural and chemical modification of nontronite associated with
microbial Fe (III) reduction: Indicators of “illitization”. Chem. Geol. 377, 87-95.
doi: 10.1016/j.chemgeo.2014.04.005

Koster, M., Williams, L., Kudejova, P., and Gilg, H. (2019). The boron isotope
geochemistry of smectites from sodium, magnesium and calcium bentonite
deposits. Chem. Geol. 510, 166-187. doi: 10.1016/j.chemgeo.2018.12.035

Kostka, J. E., Stucki, L. J. W., Nealson, K. H., and Wu, J. (1996). Reduction
of structural Fe (II) in smectite by a pure culture of the Fe-reducing bacterium
Shewanella putrifaciens strain MR-1. Clays Clay Miner. 44, 522-529. doi: 10.1346/
CCMN.1996.0440411

Kostka, J. E., Wu, J., Nealson, K. H., and Stucki, J. W. (1999). The impact of
structural Fe (III) reduction by bacteria on the surface chemistry of smectite clay
minerals. Geochim. Cosmochim. Acta 63, 3705-3713. doi: 10.1016/S0016-7037(99)
00199-4

Kiibler, B. (1964). Les argiles, indicateurs de métamorphisme. Rev. Inst. Fr.
Pétrole 19, 1093-1112.

Liu, D., Dong, H., Bishop, M., Zhang, J., Wang, H., Xie, S., et al. (2012).
Microbial reduction of structural iron in interstratified illite—smectite minerals by
a sulfate-reducing bacterium. Geobiology 10, 150-162. doi: 10.1111/j.1472-4669.
2011.00307.x

Lovley, D. R. (2004). “Potential role of dissimilatory iron reduction in the early
evolution of microbial respiration,” in Origins: Cellular origin, life in extreme
habitats and astrobiology, Vol. 6, ed. J. Seckbach (Dordrecht: Springer), 299-313.
doi: 10.1007/1-4020-2522-X_19

Margesin, R., Zhang, D.-C., Frasson, D., and Brouchkov, A. (2016). Glaciimonas
frigoris sp. nov., a psychrophilic bacterium isolated from ancient Siberian
permafrost sediment, and emended description of the genus Glaciimonas. Int. J.
Syst. Evol. Microbiol. 66, 744-748. doi: 10.1099/ijsem.0.000783

Martin, J. H. (1990). Glacial—interglacial CO2 change: The iron hypothesis.
Paleoceanography 5, 1-13. doi: 10.1029/PA005i001p00001

Mikucki, J. A., Pearson, A., Johnston, D. T., Turchyn, A. V., Farquhar, J., Schrag,
D. P, et al. (2009). A contemporary microbially maintained subglacial ferrous
“Ocean”. Science 324, 397-400. doi: 10.1126/science.1167350

Frontiers in Microbiology

10.3389/fmicb.2022.980078

Montross, S. N., Skidmore, M., Tranter, M., Kivimiki, A.-L., and Parkes, R. J.
(2013). A microbial driver of chemical weathering in glaciated systems. Geology
41, 215-218. doi: 10.1130/G33572.1

Morel, F., and Price, N. (2003). The biogeochemical cycles of trace metals in the
oceans. Science 300, 944-947. doi: 10.1126/science.1083545

Myers, C. R,, and Nealson, K. H. (1988). Microbial reduction of manganese
oxides: Interactions with iron and sulfur. Geochim. Cosmochim. Acta 52, 2727
2732. doi: 10.1016/0016-7037(88)90041-5

Nixon, S. L., Telling, J. P., Wadham, J. L., and Cockell, C. S. (2017).
Viable cold-tolerant iron-reducing microorganisms in geographically diverse
subglacial environments. Biogeosciences 14:1445. doi: 10.5194/bg-14-1445-
2017

Pandarinath, K. (2009). Clay minerals in SW Indian continental shelf sediment
cores as indicators of provenance and palacomonsoonal conditions: A statistical
approach. Int. Geol. Rev. 51, 145-165. doi: 10.1080/00206810802622112

Petschick, R., Kuhn, G., and Gingele, F. (1996). Clay mineral distribution
in surface sediments of the South Atlantic: Sources, transport, and relation to
oceanography. Mar. Geol. 130, 203-229. doi: 10.1016/0025-3227(95)00148-4

Pollastro, R. M. (1993). Considerations and applications of the illite/smectite
geothermometer in hydrocarbon-bearing rocks of Miocene to Mississippian
age. Clays Clay Miner. 41, 119-119. doi: 10.1346/CCMN.1993.041
0202

Roberts, B., and Merriman, R. (1985). The distinction between Caledonian
burial and regional metamorphism in metapelites from North Wales: An analysis
of isocryst patterns. J. Geol. Soc. 142, 615-624. doi: 10.1144/gsjgs.142.4.0615

Roden, E. E., and Wetzel, R. G. (2002). Kinetics of microbial Fe (III) oxide
reduction in freshwater wetland sediments. Limnol. Oceanogr. 47, 198-211. doi:
10.4319/10.2002.47.1.0198

Schlosser, C., De La Rocha, C. L, Streu, P., and Croot, P. L. (2012). Solubility of
iron in the Southern Ocean. Limnol. Oceanogr. 57, 684-697. doi: 10.4319/10.2012.
57.3.0684

Sharp, M., Parkes, J., Cragg, B., Fairchild, I. J., Lamb, H., and Tranter, M.
(1999). Widespread bacterial populations at glacier beds and their relationship
to rock weathering and carbon cycling. Geology 27, 107-110. doi: 10.1130/0091-
7613(1999)027<0107:-WBPAGB>2.3.CO;2

Skidmore, M., Anderson, S. P., Sharp, M., Foght, J., and Lanoil, B. D.
(2005). Comparison of microbial community compositions of two subglacial
environments reveals a possible role for microbes in chemical weathering
processes. Appl. Environ. Microbiol. 71, 6986-6997. doi: 10.1128/AEM.71.11.
6986-6997.2005

Stucki, J. (1981). The quantitative assay of minerals for Fe2+ and Fe3+ using 1,
10-phenanthroline: II. A photochemical method. Soil Sci. Soc. Am. J. 45, 638—641.
doi: 10.2136/ss52j1981.03615995004500030040x

Stucki, J. W. (1988). “Structural iron in smectites,” in Iron in soils and clay
minerals, eds B. A. Goodman, B. A. Goodman, J. W. Stucki, and U. Schwertmann
(Dordrecht: Springer), 625-675. doi: 10.1007/978-94-009-4007-9_17

Stucki, J. W. (2011). A review of the effects of iron redox cycles on smectite
properties. C. R. Geosci. 343, 199-209. doi: 10.1016/j.crte.2010.10.008

Stucki, J. W., and Kostka, J. E. (2006). Microbial reduction of iron in smectite.
C. R. Geosci. 338, 468-475. doi: 10.1016/j.crte.2006.04.010

Thompson, P., Cox, D., and Hastings, J. (1987). Rietveld refinement of Debye—
Scherrer synchrotron X-ray data from AI203. J. Appl. Crystallogr. 20, 79-83.
doi: 10.1107/50021889887087090

Urrutia, M., Roden, E., Fredrickson, J., and Zachara, J. (1998). Microbial and
surface chemistry controls on reduction of synthetic Fe (IIT) oxide minerals by
the dissimilatory iron—reducing bacterium Shewanella alga. Geomicrobiol. J. 15,
269-291. doi: 10.1080/01490459809378083

Wadham, J., Tranter, M., Skidmore, M., Hodson, A., Priscu, J., Lyons, W., et al.
(2010). Biogeochemical weathering under ice: Size matters. Glob. Biogeochem.
Cycles 24:GB3025. doi: 10.1029/2009GB003688

Wadley, M. R,, Jickells, T. D., and Heywood, K. J. (2014). The role of iron sources
and transport for Southern Ocean productivity. Deep Sea Res. Part I 87, 82-94.
doi: 10.1016/j.dsr.2014.02.003

Wang, Q., and Yang, S. (2013). Clay mineralogy indicates the Holocene
monsoon climate in the Changjiang (Yangtze River) Catchment, China. Appl. Clay
Sci. 74, 28-36. doi: 10.1016/j.clay.2012.08.011

Weaver, C. E,, Beck, K. C., and Pollard, C. O. (1971). Clay water diagenesis
during burial: How mud becomes gneiss. Geol. Soc. Am. Spec. Pap. 134, 1-78.
doi: 10.1130/SPE134-p1

frontiersin.org


https://doi.org/10.3389/fmicb.2022.980078
https://doi.org/ 10.1346/CCMN.2011.0590105
https://doi.org/ 10.1016/j.gca.2005.07.008
https://doi.org/ 10.1016/j.gca.2005.07.008
https://doi.org/ 10.5194/acp-12-11125-2012
https://doi.org/ 10.1038/s41467-019-13741-x
https://doi.org/ 10.1038/s41467-019-13741-x
https://doi.org/ 10.1126/science.286.5447.2144
https://doi.org/ 10.1128/AEM.01580-07
https://doi.org/ 10.1346/CCMN.2000.0480506
https://doi.org/ 10.1126/science.1093245
https://doi.org/ 10.1126/science.1093245
https://doi.org/ 10.1130/G46122.1
https://doi.org/ 10.1346/CCMN.2012.0600108
https://doi.org/ 10.1021/es9037808
https://doi.org/ 10.1016/j.chemgeo.2014.04.005
https://doi.org/ 10.1016/j.chemgeo.2018.12.035
https://doi.org/ 10.1346/CCMN.1996.0440411
https://doi.org/ 10.1346/CCMN.1996.0440411
https://doi.org/ 10.1016/S0016-7037(99)00199-4
https://doi.org/ 10.1016/S0016-7037(99)00199-4
https://doi.org/ 10.1111/j.1472-4669.2011.00307.x
https://doi.org/ 10.1111/j.1472-4669.2011.00307.x
https://doi.org/ 10.1007/1-4020-2522-X_19
https://doi.org/ 10.1099/ijsem.0.000783
https://doi.org/ 10.1029/PA005i001p00001
https://doi.org/ 10.1126/science.1167350
https://doi.org/ 10.1130/G33572.1
https://doi.org/ 10.1126/science.1083545
https://doi.org/ 10.1016/0016-7037(88)90041-5
https://doi.org/10.5194/bg-14-1445-2017
https://doi.org/10.5194/bg-14-1445-2017
https://doi.org/ 10.1080/00206810802622112
https://doi.org/ 10.1016/0025-3227(95)00148-4
https://doi.org/10.1346/CCMN.1993.0410202
https://doi.org/10.1346/CCMN.1993.0410202
https://doi.org/ 10.1144/gsjgs.142.4.0615
https://doi.org/ 10.4319/lo.2002.47.1.0198
https://doi.org/ 10.4319/lo.2002.47.1.0198
https://doi.org/ 10.4319/lo.2012.57.3.0684
https://doi.org/ 10.4319/lo.2012.57.3.0684
https://doi.org/ 10.1130/0091-7613(1999)027<0107:WBPAGB>2.3.CO;2
https://doi.org/ 10.1130/0091-7613(1999)027<0107:WBPAGB>2.3.CO;2
https://doi.org/ 10.1128/AEM.71.11.6986-6997.2005
https://doi.org/ 10.1128/AEM.71.11.6986-6997.2005
https://doi.org/ 10.2136/sssaj1981.03615995004500030040x
https://doi.org/ 10.1007/978-94-009-4007-9_17
https://doi.org/ 10.1016/j.crte.2010.10.008
https://doi.org/ 10.1016/j.crte.2006.04.010
https://doi.org/ 10.1107/S0021889887087090
https://doi.org/ 10.1080/01490459809378083
https://doi.org/ 10.1029/2009GB003688
https://doi.org/ 10.1016/j.dsr.2014.02.003
https://doi.org/ 10.1016/j.clay.2012.08.011
https://doi.org/ 10.1130/SPE134-p1
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Jung et al.

Zhang, G., Dong, H., Kim, J., and Eberl, D. (2007a). Microbial reduction
of structural Fe3+ in nontronite by a thermophilic bacterium and its role in
promoting the smectite to illite reaction. Am. Mineral. 92, 1411-1419. doi: 10.
2138/am.2007.2498

Zhang, G., Kim, J., Dong, H., and Sommer, A. J. (2007b). Microbial
effects in promoting the smectite to illite reaction: Role of organic matter

Frontiers in Microbiology

10

10.3389/fmicb.2022.980078

intercalated in the interlayer. Am. Mineral. 92, 1401-1410. doi: 10.2138/am.2007.
2331

Zhang, J., Dong, H. Liu, D., Fischer, T. B.,, Wang, S., and Huang, L.
(2012). Microbial reduction of Fe (III) in illite-smectite minerals by methanogen
Methanosarcina mazei. Chem. Geol. 292, 35-44. doi: 10.1016/j.chemgeo.2011.11.
003

frontiersin.org


https://doi.org/10.3389/fmicb.2022.980078
https://doi.org/ 10.2138/am.2007.2498
https://doi.org/ 10.2138/am.2007.2498
https://doi.org/10.2138/am.2007.2331
https://doi.org/10.2138/am.2007.2331
https://doi.org/ 10.1016/j.chemgeo.2011.11.003
https://doi.org/ 10.1016/j.chemgeo.2011.11.003
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	A microbial driver of clay mineral weathering and bioavailable Fe source under low-temperature conditions
	Introduction
	Materials and methods
	Material, bacterial strain, and media preparation
	Chemical analysis
	X-ray diffractometer
	Electron microscopic observation

	Results
	Biotic/abiotic Fe reduction
	Mineralogical change

	Discussion
	Biotic/abiotic reduction of clay minerals
	Mineral transformation by microbial reduction
	Environmental implications

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


