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ABSTRACT

Anthropogenic carbon emissions contribute significantly to the greenhouse effect, resulting in global warming and climate
change. Thus, addressing this critical issue requires innovative and comprehensive solutions. Silicate weathering moderates
atmospheric CO, levels over geological time, but it occurs too slowly to counteract anthropogenic emissions effectively. Here,
we show that the microorganism Bacillus subtilis strain MP1 promotes silicate weathering across different experimental setups
with various levels of complexity. First, we found that MP1 was able to form a robust biofilm in the presence of feldspar and
significantly increased (p < 0.05) silicate dissolution rates, pH, and calcium carbonate formation in culture experiments. Second,
in mesocosm experiments, we found that MP1 enhanced the silicate weathering rate in soil by more than six times compared
to the untreated control. In addition, soil inorganic carbon increased by 20%, and the concentrations of ions, including calcium,
magnesium, and iron, were also elevated under the MP1 treatment. More importantly, when applied as a seed treatment on eight
soybean fields, we found that MP1 significantly (p <0.05) boosted soil inorganic carbon, leading to a gross accrual of 2.02 tonnes
of inorganic carbon per hectare annually. Our findings highlight the potential of enhancing native silicate weathering with mi-
croorganisms in agricultural fields to increase soil inorganic carbon, contributing to climate change mitigation.

1 | Introduction and offset some of the anthropogenic contributions to climate

change (Solomon 2007). There are several potential strategies,

Global warming of 1.5°C above pre-industrial levels would dra-
matically increase the risk of extreme weather events, more
frequent and more intense wildfires, rising sea levels, and
changes in flood and drought patterns (Armstrong McKay
et al. 2022). There is an urgent need for novel carbon dioxide
removal (CDR) approaches to reduce atmospheric CO, levels

including those deployed on agricultural soils, which represent
about 10% of the global terrestrial land surface area (Potapov
et al. 2022). Fierer and Walsh proposed that enhanced micro-
bially mediated weathering and microbially induced carbonate
precipitation are two potential strategies to accelerate soil car-
bon sequestration (Fierer and Walsh 2023).
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Silicate weathering plays a crucial role in Earth's long-term
carbon cycle by regulating atmospheric CO, levels (Walker
et al. 1981; Brantley et al. 2023). Silicate weathering releases ions
such as calcium (Ca?*) and magnesium (Mg?*), which contrib-
ute to soil fertility and the formation of soil inorganic carbon
(SIC) (Wilson 2004; Sanderman 2012). Although weathering
can deplete soil primary minerals and reduce nutrient avail-
ability over time, this process typically occurs over thousands
to millions of years (Chadwick et al. 2022). Various lines of evi-
dence suggest that microorganisms may have a crucial but often
underestimated role in weathering (Wild et al. 2022). For exam-
ple, microorganisms such as Bacillus can enhance the rate of sil-
icate weathering by establishing close associations with mineral
surfaces and environments and by affecting kinetic parameters
(e.g., pH and redox potential) (Mo and Lian 2011). One of the
key mechanisms driving microbially enhanced weathering is
the reduction of pH through the release of low-molecular-weight
organic acids and dissolved CO, (Vicca et al. 2022; Ahmed and
Holmstrom 2014; Basak and Biswas 2009). Previous studies
have demonstrated that Bacillus mucilaginosus and Bacillus
edaphicus, potassium-solubilizing microorganisms, excrete
organic acids (e.g., oxalic and citric acids) that dissolve potas-
sium sources from mica or chelate silicon ions, thereby en-
hancing crop biomass yield (Basak and Biswas 2009; Ahmad
et al. 2020). Through this process, microorganisms contribute
to soil development, the biogeochemical cycling of essential el-
ements, and maintenance of soil fertility (Banfield et al. 1999;
Barker et al. 1997; Homann et al. 2018; Zhao et al. 2023; Ribeiro
et al. 2020).

To better understand the enhanced weathering processes fa-
cilitated by Bacillus, numerous studies have been conducted
across various scales, including mesocosms (Amann et al. 2020;
Vienne et al. 2022; Niron et al. 2024) and field trials (Beerling
et al. 2024). Niron et al. (2024) investigated the effect of Bacillus
subtilis on basalt weathering in a soil mesocosm without plants
and found that the combined application of basalt and B. sub-
tilis showed higher CDR potential compared to basalt-only
application. In a 99-day mesocosm study, Vienne et al. (2022)
observed significant increases in soil cation exchange capacity
(CEC), as well as Ca?* and Mg?* levels, following basalt amend-
ment. Furthermore, a 4-year large-scale field trial conducted
by Beerling et al. (2024) demonstrated that basalt-induced en-
hanced weathering not only improved soil health but also po-
tentially contributed to CDR, leading to increased maize and
soybean yields. In this study, we demonstrate at three different
experimental scales that Bacillus subtilis strain MP1 accelerates
silicate weathering and promotes the formation of SIC leading
to CO, removal in agricultural soils. First, we show that MP1
effectively dissolves silicates, facilitating carbonate precipita-
tion in vitro. This finding is further supported by observations
from both mesocosm experiments and field trials, where we
detected increased SIC formation and evidence of accelerated
silicate weathering following MP1 application. Overall, MP1
was shown to be effective in promoting SIC formation across all
three experimental settings.

Our research highlights the possibility of boosting native sili-
cate weathering and SIC formation in agricultural soils using
microorganisms. This approach can draw down atmospheric
CO,, thereby playing a role in addressing climate change. To

our knowledge, this is the first demonstration that a microbial
inoculum applied in the field can increase SIC content. Future
studies will determine whether our findings are applicable to
various field types with different soil pH and across different
geographical regions.

2 | Materials and Methods
2.1 | Isolation and Identification of Strain MP1

Bacillus subtilis strain MP1 is a naturally occurring soil microbe
isolated from corn roots and rhizospheric soil samples from
Santa Barbara County, California, USA. Root samples with rhi-
zospheric soil attached were collected and stored in a clean plas-
tic bag. Soil and roots were divided into two samples (roots and
rhizospheric soil) and portions of each sample were plated on
LB-Lennox agar medium (10gL~! tryptone, 5gL~! yeast extract,
5gL~! NaCl, 15gL~! agar). MP1 was recovered as colonies from
both samples, rhizospheric soil and roots.

Macrogen Inc. (South Korea) performed genome sequencing
and assembly of the MP1 isolate using both PacBio and Illumina
reads, and the resulting assembled genome was annotated with
Bakta (Schwengers et al. 2021). Taxonomic classification of the
strain was performed in three steps. First, 16S rRNA analysis
of the MP1 strain against the prokaryotic 16S database (Quast
et al. 2012) determined the strain to be of the Bacillus genus.
Second, whole genome alignment against NCBI Bacillus ref-
erence genomes using mummer (Marcais et al. 2018) revealed
>90% similarity to B. subtilis reference strain (NCBI taxonomy
ID =224308). Third, a deeper whole genome alignment with all
complete B. subtilis genomes in NCBI showed MP1 to have 99%
nucleotide similarity with isolate B. subtilis NRS6181B (NCBI
Refseq GCF_905318255.2), recorded in a previous exploration
of biofilm-producing B. subtilis isolates (Kalamara et al. 2021).

2.2 | Strain Growth Conditions

Strain MP1 was routinely cultured at 30°C in LB-Lennox me-
dium or B4 medium (4gL~! yeast extract, 5gL~! dextrose, pH
adjusted to 8.2 with NaOH) supplemented with 5gL=! tryp-
tone, termed B4+ medium for this work (Boquet et al. 1973;
Sezonov et al. 2007). Agar was added to a final concentration
of 15gL~1 for solid preparations. To study silicate weathering
in vitro, B4+ medium was supplemented with a plagioclase
silicate rock (VWR). Plagioclase feldspars are calcium- and
sodium-containing aluminume-silicate minerals that form a
solid solution series comprising albite (Na(AlSi,O,)) and anor-
thite (Ca(Al,Si,0,)) minerals (Okrusch and Frimmel 2020). The
silicate rock was ground and sieved through a #10 mesh and cap-
tured by a #60 mesh to obtain a particle size ranging from 0.25
to 2mm. The ground rock was autoclaved at 15psi for 20min
on a rapid exhaust cycle and dried at 70°C overnight. 300 mg
of ground rock was added to B4+ medium at pH 8.8 for in vitro
weathering experiments. To confirm the mineral composition
of the silicate rock, samples of the ground rock were also sub-
mitted to the Department of Earth and Planetary Sciences at the
University of California, Berkeley, for X-ray diffraction (XRD)
analysis on a Panalytical X'Pert Pro instrument. This analysis
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showed that the ground silicate rock was primarily labradorite,
a calcium-enriched plagioclase feldspar. In addition, magne-
sium iron silicate was detected as well.

2.3 | In Vitro Silicate Weathering Assay Conditions
and Analysis

To study MP1's ability to accelerate silicate dissolution in vitro, a
7-day time course experiment was performed as follows. Three
milliliters of liquid B4+ medium with or without 200 mg ground
silicate was inoculated at a final OD,, of 0.1 in triplicate from
an overnight culture of strain MP1 in 22 mL gas chromatography
glass vials (Thermo Scientific), sealed with a breathable mem-
brane (Diversified Biotech, Breathe-EASIER tube membranes),
and incubated without shaking at 30°C for 0, 1, 2, 5, and 7days.

Calcium and magnesium were quantified using a method that
relies on the reaction of o-cresolphthalein complexone (0CPC)
with Ca?* and Mg?* ions in an alkaline solution to form an in-
tense violet-colored complex that maximally absorbs at 577nm
(Connerty and Briggs 1966; Moorehead and Biggs 1974). To
quantify Ca?* and Mg?* in solution, 500 uL of supernatant was
removed from cultures (three biological replicates) at different
time points and pelleted to remove debris. Twenty microliters of
the clarified supernatants was combined with 180 uL oCPC re-
suspended in Tris—-HCI, pH 8.3 to a final concentration of 85uM
and 5mM, respectively. To quantify inorganic carbon formation,
calcium carbonate equivalent (CCE, which incorporates both
solid-phase carbonates and dissolved inorganic carbon) was de-
termined by gas chromatography (GC), as described below. pH
was measured in liquid culture samples using an Orion Versa
Star Pro (Thermo Scientific) pH meter.

2.4 | Calcium Carbonate Equivalent
Determination Using Gas Chromatography

To quantify inorganic carbon formation, GC glass vials (Thermo
Scientific) containing standards or experimental samples (i.e.,
from in vitro weathering or mesocosm experiments) were
capped, and 2mL 4N H,SO, (Ricca Chemical) plus 3% (w/v)
FeSO, « 4H,O (to inhibit the release of CO, from organic matter)
was injected through the septum in the cap into each vial. Vials
were incubated at room temperature for at least 2 h to evolve CO,
from all inorganic carbon species in the sample. The headspace
of each vial was analyzed for CO, content by GC. 1 mL head-
space was sampled by autosampler and analyzed on a Thermo
Scientific TRACE 1310 GC fitted with a thermal conductivity
detector (Thermo Scientific 1300 IN Series) and capillary col-
umn (Restek RT-Q-Bond PLOT). The GC column flow rate was
9.8mLmin~! with a split ratio of 10, using helium as a carrier
gas. This process measures the CO, released from carbonate
minerals (both formed on the biofilm and precipitated to the
bottom of the vial) and any ions in solution (i.e., bicarbonate and
carbonate ions). A standard curve was prepared using known
amounts of CaCO,, and experimental values were expressed
as CCE. The area under the CO,-specific peak was determined
using Chromeleon 7 software (Thermo Scientific) and fitted to
the CaCO,/CO, standard curve to calculate CCE. Details of the
GC method can be found in Yip et al. (2025).

2.5 | Mesocosm Study Setup and Analysis

For the mesocosm study, the soil was obtained from Richmond,
CA (American Soil & Stone). Henceforth, this soil is referred to
as SBX15. The chemical and physical properties of SBX15 are
provided in Table S1. Notably, the mineral fraction of SBX15
comprised 40%-45% feldspar minerals (Table S1). For the me-
socosm study, approximately 50kg of SBX15 soil was manually
homogenized with shovels. Columns (30.5cm in height and
10cm in diameter) were packed with 3.1kg of SBX15 soil. The
experiment comprised two groups, MP1 and untreated control
(UTC), with six replicate columns in each group. One seed of
dent corn (hybrid Integra Corn 5802 VT2Pro) was sown per
column (Figure 2a, Figure S3a). For MP1 treatment, each seed
was inoculated with 1.4x10° MP1 spores by applying 1mL of
a liquid solution containing MP1 at a concentration of 1.4x10°
spores mL~! and distilled water as the carrier. Each seed from
the UTC received 1 mL of distilled water. The experiment was
conducted in a growth chamber, and the growing conditions
were as follows: the temperature was set at 22°C (£5°C), with a
relative humidity of 65% (+5%) and a photoperiod of 16 h. Plants
were watered two times per week for the first 6 weeks. We sim-
ulated a period with rainfall the following 2weeks using deion-
ized water containing approximately 738 ppm CO, (carbonated
water). The simulated amount of rainfall was calculated based
on historical precipitation data (from 2017 to 2021) retrieved
from a weather station operated by the National Oceanic and
Atmospheric Administration (NOAA NCEI 2024), located
17km away from the field trial site. This translated into 1.75L
of water per column, divided into eight rainfall events (218.8 mL
per event) during the 2weeks. The cadence of the rainfall was
2days, followed by 2days without rainfall until 8 total days of
rainfall were reached. Leachate was collected from each column
during the eight rainfall events to account for the flux of com-
pounds leaving the column with the leachate. After the 2-week
rainfall period, the plants were allowed to grow for an additional
week before harvesting.

After 9weeks, each of the 12 columns was harvested, and
soil samples were collected at three depths (0-10, 10-20, and
20-30cm; Figure S3), resulting in a total of 36 samples. Soil bi-
carbonate and carbonate ions were determined using a saturated
paste extract followed by titration, as detailed in Supporting
Information and Richards (1954). In brief, 200g of dried and
sieved soil (particle size <2mm) was used to prepare a saturated
soil paste, and the 10mL soil saturation extract with 0.025N
H,SO, was titrated using phenolphthalein and methyl orange as
indicators to quantify bicarbonate and carbonate ions.

One hundred grams of each soil sample was sent to an exter-
nal commercial laboratory (Agvise Laboratories, ND, USA)
to quantify the following: pH, organic matter, exchangeable
calcium, exchangeable magnesium, exchangeable potassium,
exchangeable sodium, exchangeable iron, total aluminum,
and total carbon. Soil pH was determined by the 1:1 soil/water
method using a pH meter (Peters et al. 2012), and soil organic
matter was determined by the loss of ignition at 360°C (Combs
and Nathan 1998). Soil exchangeable calcium, magnesium,
potassium, and sodium were extracted using a 1M ammo-
nium acetate (NH,OAc) solution at pH 7, and their concentra-
tions were determined by inductively coupled plasma atomic

30f 13



emission spectrometry (ICP-AES; Perkin Elmer Optima 5300,
Optima 7300—Warnacke and Brown 2015). Exchangeable
iron was extracted using a DTPA-TEA (diethylenetriamine-
pentaacetic acid—triethanolamine) solution and measured by
ICP-AES (Whitney 2015).

Total aluminum was extracted by treating 0.25g of dried, sieved
soil with concentrated HNO,, 30% H,0,, and concentrated HCI
using the EPA method (EPA U.S. 1996). This procedure effec-
tively dissolves materials that may become environmentally
available, such as carbonate, phosphate, and sulfate minerals,
while not breaking down resistant silicates. Aluminum in the ex-
tract was quantified using ICP-AES (Perkin Elmer Optima 5300,
Optima 7300, and Avio 500 Max series). Soil total carbon was
quantified by the combustion method using the vario MACRO
cube elemental analyzer (Elementar Americas Inc., NY), and
total organic carbon is equal to total carbon minus total inor-
ganic carbon determined by CCE (Nelson and Sommers 1996).
The individual leachate samples, collected from each column
during the eight rainfall events, were sent to Agvise to analyze
pH, soluble calcium, soluble magnesium, soluble potassium,
soluble sodium, and soluble iron (American Public Health
Association 1926). Bicarbonate and carbonate ions were quan-
tified by titration with 0.025N H,SO, with phenolphthalein and
methyl orange indicators (Richards 1954). CCE from soils and
leachates was measured using the GC method detailed in the
previous section.

2.6 | Soil Mineral Composition Determination

The mineral composition of the soil used in the mesocosm study
(SBX15) and soil samples from the field study was obtained by
a combination of the scanning electron microscope (SEM) ob-
servations on a Zeiss EVO-10 Variable Vacuum SEM and XRD
analysis with the PANalytical X'Pert Pro diffractometer at the
Department of Earth and Planetary Science at the University of
California, Berkeley. Approximately 0.3 g of ground soil samples
(six UTC fields and eight MP1-treated fields) were plated via a
fast-drying acetone mixture for XRD. A subset of nine soil sam-
ples was analyzed under SEM (four UTC fields and five MP1-
treated fields). Before SEM analysis, a separate ~0.3g fraction
of ground soil was mixed with ~40mL of deionized water and
sonicated to remove clay particles from grains and into suspen-
sion. The clay-water solution was decanted, and the remaining
mineral grains were dried in an oven for 20min at ~40°C. XRD
results are coupled with these SEM observations to provide a
quantitative approximation of the bulk mineral composition of
the soil sample and corroborate percentages provided by SEM
grain counting.

2.7 | MP1 Application as a Seed Treatment
for Field Study

Soybean seeds were overcoated with a formulation that contains
fungicides, insecticides, and B. subtilis strain MP1. Untreated
control seeds for UTC fields were overcoated with the same
formulation of fungicides and insecticides but without MP1.
MP1 application rate was 37mL per hectare (0.5floz./acre) of
a formulation containing deionized water and MP1 spores at a

concentration of 5.0x 10'° spores mL~!. Each soybean seed was
covered with approximately 5.0 X 10° spores of strain MP1.

2.8 | Field Study Setup and Sample Collection

A large-scale field study was conducted in Stutsman County,
North Dakota, USA in 2022 on 14 soybean fields, eight MP1-
treated fields, and six UTC fields. The total extension of the field
study comprised 847ha. All the fields were located within a ra-
dius of 18.2km of each other. They were all watered by rain-
fall, without additional ground or surface water irrigation, with
a mean accumulated 2022 precipitation of 472.9mm (NOAA
NCEI 2024). The fields used in this study did not receive lime-
stone application 10years before the field trial.

According to the USGS North American Soil Geochemical
Landscapes database, the total feldspar in the soil A horizon in
this region ranges between 17.7 and 27.5wt% (Smith et al. 2019).
The overall mineral composition of these fields (Figure S5) was
determined as described in a previous section of Section 2.

Each field was stratified based on soil texture considering the
first 30.5cm (121in.) of soil (data retrieved from the USDA NRCS
2024 SSURGO database), and three to five sampling locations
per stratum were selected. Samples were collected before plant-
ing, at the beginning of May (henceforth pre-planting), and
after harvest (henceforth post-harvest), approximately in mid-
October. Each collected sample was made up of soil composites
comprising 10 core samples from the top 30.5cm (12in.) of soil
collected in a radius of 3m from the center point. The center
points were defined by an algorithm that randomly selected
points within each stratum, and coordinates were recorded to
return to the exact location post-harvest. For the soybean fields,
47 sampling locations (23 MP1 and 24 UTC) were used across
the MP1-treated fields and UTC fields. The soil composites were
homogenized and subsamples were sent to Agvise Laboratories.
Dried, ground, and sieved (2 mm) soil samples were used for all
soil analyses. Agvise determined CCE, total carbon, soil pH, ex-
changeable calcium, and cation exchange capacity (CEC). CCE
was measured by the modified pressure-calcimeter method de-
scribed in Sherrod et al. (2002). In brief, 2g of soil was placed
into a 35mL plastic cup and transferred into a 236 mL glass jar.
The glass jar is secured and sealed with a lid and rubber gasket.
A dispensing pump added 10mL of 4.6 M HCI plus 3% (w/v) of
FeCl, « 4H,0 into the glass jar. The jar was incubated for 20min
in a shaker at 180rpm and then the pressure was recorded in
volts in a pressure transducer (26 PC series, Honeywell, MN).
Soil CEC was determined by the ammonium acetate (pH7)
method described in Sumner and Miller (1996), which involves
saturation with 1M NH,OAc at pH7, three rinses with 95% eth-
anol, and a final rinse with 1 M KCI. Details about the total car-
bon, soil pH, and exchangeable calcium analysis can be found in
the mesocosm study setup and analysis section and Supporting
Information.

2.9 | Statistical Analyses

Shapiro-Wilk tests were conducted to assess whether the data
sets have a normal distribution. Additionally, F tests were
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conducted to assess the homogeneity of variance between the
treatment and control groups.

With a normal distribution of the data and homoscedasticity, an
unpaired t-test was conducted to analyze the results shown in
Figure 1c,d. Otherwise, a Mann-Whitney test was conducted.
For Figure 1c, asterisks indicate statistically significant differ-
ences among MP1 and MP1 + feldspar treatments within a spe-
cific time point (n=3 per group per time point). For Figure 1d,
asterisks indicate statistically significant differences among
medium + feldspar and MP1 + feldspar treatments within a spe-
cific time point (n =3 per group per time point). The results in
Figure le were analyzed using a two-way ANOVA followed by
Tukey's multiple comparisons test, while those in Figure 1f were
analyzed using a one-way ANOVA with Tukey's test. Different
letters on the bars indicate statistically significant differences
among treatments (n =3, p-value <0.05).

Unpaired t-tests were conducted after confirming normal dis-
tribution and homogeneity of variance in the datasets to statis-
tically analyze the differences between UTC and MP1 in the
mesocosm study (Figure 2) and the field study (Figure 3). The
Welch t-test was applied when the homogeneity of variance cri-
teria were not met. Six biological replicates were used for the
mesocosm study, while 23 biological replicates for MP1 and 24
biological replicates for UTC were used for the field study.

For all the figures with asterisks, one asterisk represents a
p-value <0.05, two asterisks represent a p-value <0.01, three as-
terisks represent a p-value <0.001, and four asterisks represent
a p-value <0.0001.

3 | Results and Discussion

3.1 | MP1 Promotes Silicate Dissolution
and Carbonate Precipitation In Vitro

Various soil microorganisms have been reported to enhance the
dissolution of minerals, including silicates (Liu et al. 2006; Sheng
et al. 2008). We set out to investigate if the Bacillus subtilis strain
MP1 is able to accelerate silicate dissolution as well. To determine
the extent by which MP1 can extract cations from silicates, we grew
MP1 in liquid B4+ medium over a 7-day period in the presence or
absence of Ca-bearing feldspar and monitored the release of Ca?*
and Mg?* in the cultures. In uninoculated cultures with feldspar,
we observed some initial release of Ca?* and Mg?* increasing
the baseline to ~0.2mM after day one, which we attribute to the
weathering of easily accessible ions from the feldspar by the cul-
turing liquid. In contrast, soluble Ca?* and Mg?* concentrations in
MP1 cultures with feldspar increased to ~0.6mM on days one and
two and then dropped back to baseline, below the levels observed
in uninoculated cultures supplemented with feldspar (Figure 1d).
This is not entirely unexpected, as in cultures supplemented with
feldspar, we observed both the formation of a robust biofilm and
heat-resistant spores (10° spores mL™! at day 7), which are both
known to take up Ca?* (Ercole et al. 2012; Kim et al. 2017; Han
et al. 2018; Zhuang et al. 2018; Paidhungat et al. 2000; Nishikawa
and Kobayashi 2021; Azulay et al. 2022). We confirmed in a highly
related strain that removing the ability to sporulate by knocking
out the spollIE gene returned the concentration of Ca?* and Mg?*

to detected initial levels, indicating a significant amount is con-
sumed in the sporulation process. In addition, we hypothesized
that some portion of Ca** and Mg?* was used in carbonate precip-
itation, which aligns with the high final pH of the cultures and our
previous observations that MP1 can induce carbonate precipita-
tion (Figure 1a,c, respectively).

When grown on solid B4+ medium supplemented with a solu-
ble source of Ca’* (see Supporting Information for details) MP1
promoted calcium carbonate precipitation, as reported for other
Bacillus strains (Lian et al. 2006; Han et al. 2019), resulting in
the accumulation of calcite crystals on the biomass (Figure 1a,
Figure S1). We wanted to determine if this carbonate precipitation
was also occurring in liquid cultures grown with feldspar by mea-
suring the total inorganic carbon content in the cultures using gas
chromatography. This involved comparing the CO, released after
acid treatment to that of a calcium carbonate standard, expressed
as CCE. In MP1 cultures without feldspar, we observed a slight
increase in the CCE signal, MP1 cultures with feldspar showed a
dramatic increase in CCE (Figure 1e). To establish that the CCE
signal was due to elevated levels of Ca?* or Mg?* rather than other
ions, we ran similar experiments wherein B4+ medium was sup-
plemented with 25mM potassium, sodium, magnesium, or cal-
cium acetate instead of feldspar. As expected, the addition of Ca?*
or Mg2* acetate resulted in a significantly higher CCE signal com-
pared to control cultures (Figure 1f), suggesting that the elevated
levels of Ca?* or Mg?* in solution can lead to carbonate precipi-
tation. In contrast, CCE levels were not altered in the presence of
potassium or sodium acetate, indicating the increased signal was
not due to the addition of these cations or the metabolism of ace-
tate (Figure 1f). Hence, these results indicate that MP1 is capable
of promoting silicate dissolution and that these extracted cations
from the minerals can produce biogenic carbonate minerals as an
end product.

In the course of these experiments, we observed profound changes
in the behavior of the growing cultures, demonstrating the cells
are detecting and responding strongly to the substrate. Notably,
the addition of feldspar to MP1 cultures induced the production
of a robust pellicle biofilm and brown-red pigment (illustrated in
Figure 1b) and there was a marked response in pH progression of
the culture. In MP1 cultures without feldspar, we observed an ini-
tial drop in pH on day one, followed by a gradual increase in pH,
with the final pH reaching approximately 8 (Figure 1c). In con-
trast, in the presence of feldspar, the pH showed a similar initial
drop but drastically increased on day 2 compared to MP1 cultures
without feldspar (Figure 1c). On days 5 and 7, the pH of cultures
with feldspar measured approximately 1 pH unit higher than cul-
tures without feldspar (Figure 1c). Together, these results lead us
to hypothesize that the metabolism of growing cells causes a dra-
matic shift in pH in these in vitro cultures, weathering the feldspar
when in the low pH range and releasing metal ions and alkalinity
from the mineral, leading to a significant increase in pH that stabi-
lizes at pH9. Under these conditions, the precipitation of solid car-
bonates, such as calcite (CaCO,), magnesite (MgCO,) or dolomite
(CaMg(CO,),) is highly favored. While it is likely that these behav-
iors are greatly accelerated in these in vitro conditions, these ex-
periments demonstrate that MP1 promotes silicate dissolution and
extracts cations from these minerals, yielding biogenic carbonate
minerals as an end product. We next demonstrated that these be-
haviors are also possible in soil with agricultural crops present.

50f13



ook Sk medium
9.0 - 067 medium + feldspar
85 E 0.5 1 --B-- MP1
so\ o . = 041 MP1 + feldspar
o
:5_ 7.5 g’ 0.3 1
7.0 medium + 027 —
6.5 e medium +feldspar S 0.1 1
| ~- --B--  MP1 S hol
6.0 —8—  MP1 +feldspar e e Bttt a
55 T T T T T T 1 ! T i ! ! ! ' '
o 1 2 3 4 5 6 7 6 1 2 38 4 5 6 7
Time (days) Time (days)
f
(e) Fskkk Kok ( )
sk | _— 3.0 -
10. Fookk Sk 25 b
~ 08 = 2.0- b
S 2 IIIWIIII
N 0.6 1 & ° o 15 LI
Q < Q
8 04 3 10] = o Il
Q Il
0213888 . 88s R i88s
cocooo icooco S o I |||
0.0 . . :
0 1 7
Days

1 medium == medium + feldspar
MP1 m MP1 + feldspar

FIGURE1 | MPI1 mediates silicate weathering and carbonate precipitation in vitro. (a) SEM image of calcite crystals isolated from MP1 colonies.
(b) Floating pellicle biofilm and brown-red pigments produced by MP1 in the presence of feldspar (left). No pigment and only a thin biofilm were ob-
served in the absence of feldspar after 7 days (right). (c) pH dynamics and (d) Ca* + Mg?* concentration in solution during a 7-day time course in B4+
medium inoculated with MP1 in the absence or presence of feldspar. Medium with (solid lines) or without (dashed lines) feldspar added was inocu-
lated with MP1 (purple square) or not inoculated (light blue circle), and samples were collected for measurements at days 0, 1, 2, 5, and 7. Each point
represents the average of three biological replicates and its standard error. (e) Inorganic carbon expressed as calcium carbonate equivalent (CCE).
Measurements were performed at day 0 (orange bars), 1 (light blue bars), and 7 (purple bars) from MP1 and uninoculated cultures. An unpaired ¢-test
was conducted for days 1 and 7. The asterisks (*) indicate statistically significant differences between the MP1 and MP1 + feldspar treatments (**p-
value <0.01 and ***p-value <0.001). (f) CCE measured on day 7 in MP1 cultures in B4+ medium and B4+ medium supplemented with potassium,
sodium, magnesium, or calcium acetate. Each bar represents the average of three biological replicates and its standard error. Letters (a or b) above
each bar indicate statistically significant differences among the treatments (p-value <0.05).

3.2 | MP1 Enhances Silicate Weathering Rates
and Promotes Soil Inorganic Carbon Formation
in Mesocosms

Additionally, to mimic field conditions and monitor the mobility
of SIC, dissolved inorganic carbon (DIC), and cations, we simu-
lated rainfall events between weeks 6-8 of the experiment and
collected leachates from the columns.

We first established that MP1 can effectively colonize the rhizo-

spheres of corn plants in both growth chamber and greenhouse
experiments (Figure S2). We next quantified the ability of MP1
to accelerate the silicate-to-carbonate transition in a 9-week me-
socosm experiment with corn, using field soil with a high natu-
ral abundance of cation-bearing silicates (Figure S3a, Table S1).

After 9weeks, we observed a ~20% increase in the inorganic
carbon content (measured as CCE) in the overall system (soil
plus leachate) in MP1-treated columns compared to the un-
treated control (UTC) columns (Figure 2b, Figure S3b), under-
scoring the ability of MP1 to promote SIC buildup. Moreover, we
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standard error. The asterisks (*¥) indicate statistically significant differences against UTC (*p-value <0.05 and **p-value <0.01).

observed an increase in organic matter (~12%) and total carbon
content (~13%) in MP1-treated columns compared to UTC col-
umns (Figure 2c,d), while the final soil and leachate pH were
similar for MP1 and UTC (Figure S4d). Additionally, we ob-
served statistically significantly higher DIC in MP1-treated soils
in comparison to UTC soils (Figure S4f), while a slight increase
in favor of MP1 treatment was found in the DIC from the leach-
ates (Figure S4e). Given the soil and leachate pH (> 8.1), we spec-
ulate that bicarbonate and carbonate ions would constitute most
of the DIC species. Since the formation of carbonates requires
cations, we measured concentrations of available cations in the
exchangeable and soluble pools in the soil and leachate samples,
respectively. We observed a statistically significant increase in
exchangeable Ca®*, exchangeable Mg?* and Fe?*/3+, and CEC in
MP1-treated columns (Figure 2e-h, Figure S3c,d,h) compared
to UTC columns. Additionally, we observed a smaller increase
in exchangeable Nat and K* in MP1-treated soils (Figures S3e,g
and S4a,b). Furthermore, we measured extractable Al in the soil
as one of the major structural elements of silicates. The method
for aluminum extraction used in this study quantified alumi-
num in carbonates, phosphate, and sulfate minerals, and or-
ganic compounds and did not extract aluminum from silicates
(as would be the case for hydrofluoric acid extraction). We found
that extractable Al levels increased in MP1-treated soils com-
pared to UTC soils (Figures S3f and S4c). Together, these results
support a model wherein MP1 can accelerate native silicate dis-
solution and extract cations. At the same time, MP1 promotes
SIC formation, taking advantage of the elevated levels of avail-
able calcium, magnesium, and iron.

Finally, we calculated the native silicate weathering and car-
bonate precipitation rates for MP1 and UTC over the course of
the experiment (63 days) using the measurements for exchange-
able calcium (Ca®*changeable)  tota] inorganic carbon (CCE),
and DIC content in soil and leachate fractions (see Supporting
Information for details). Our calculations showed that MP1-
treated soils had a notably higher native silicate weathering rate
(13.24 +4.34mmol kg soil™! versus 1.96+4.31 mmolkg soil™)
and carbonate precipitation rate (5.33%x1.44mmolkg soil™!
versus —1.58 +1.34mmol kg soil™!) as compared to untreated
control soils. Assuming an average specific surface area of
1.13m?g! anorthite (te Pas et al. 2023), the specific weather-
ing rate of anorthite particles estimated for MP1-treated soil is
5712molm=2s~!. While this is an approximate estimate based
on an assumed mineral surface area, it is noteworthy that this
rate is at the higher end of the known bounds of natural feld-
spar weathering rates from field studies reported in literature
(White and Brantley 2003; Gruber et al. 2014; Wild et al. 2021).
Consequently, MP1 is estimated to have anet CO, removal rate of
7.60 = 1.22mmol kg soil ! higher than the untreated control over
the course of the experiment, which translates to a net seques-
tration of 0.39+0.06tonnes inorganic C ha=! (see Supporting
Information for details). Notably, the net sequestration of inor-
ganic carbon by MP1 was between that observed in a field ex-
periment with varying levels of wollastonite application, which
sequestered between 0.13 and 0.65tonnes of inorganic carbon
per hectare (Xu et al. 2024). Numerous factors, such as rock
type, dosage, composition of feedstock, the type of experiment
(e.g., lab experiment, field trial, or modeling), the timeframe of
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the measurements (weeks, months, or years), and methods for
quantifying CDR, can influence CDR rates and lead to signif-
icant variability across studies (Power et al. 2025). To the best
of our knowledge, studies investigating the enhancement of
weathering rates typically require extended periods, such as the
99-day mesocosm study by Vienne et al. (2022), a 129-day me-
socosm study by Niron et al. (2024), a 235-day mesocosm study
by Reershemius et al. (2023), a 2-year field experiment by Xu
et al. (2024), and a field trial spanning over 4years by Beerling
et al. (2024). In contrast to these previous studies, we observed
a weathering rate of native silicates of 0.39 +0.06 tonnes of inor-
ganic carbon per hectare within 63days. The higher observed
weathering rate and SIC formation could be explained by the
elevated content of native silicates present in the soil used in this
study (40%-45% feldspar minerals—Table S1). Taken together,
our results demonstrate that MP1 not only accelerated the
weathering of native silicates in the soil but also promoted the
formation of SIC, thereby removing CO, from the atmosphere.

3.3 | MP1 Promotes Soil Inorganic Carbon
Formation and Replenishes Calcium in the Field

To evaluate MP1 performance under field conditions, we
carried out a large-scale field trial in 2022. We applied MP1
as a seed treatment on eight soybean fields located in North

(a) (b)

Dakota (USA). The field study also comprised six untreated
control (UTC) fields (i.e., fields without MP1) in the same area.
We performed extensive soil sampling pre-planting and post-
harvest to assess the impact of MP1 on SIC and several other
soil key characteristics. SIC (measured as CCE) in the top
30.5cm (12in.) increased during the season (from pre-plant
to post-harvest). We observed a significant increase in the
ACCE on the MP1-treated fields as compared to the untreated
fields (0.57% =+0.17% versus 0.15% =+0.10%, respectively)
(Figure 3a). This increase in CCE (ACCE MP1 — ACCE UTC)
equates to approximately 2.02 tonnes C ha! year™! gross inor-
ganic carbon accrual, assuming an average soil bulk density
of 1.33gcm™3 +£0.07 (USDA NRCS 2024 SSURGO database),
0.305m sampling depth, and the molecular weight conversion
from calcium carbonate to carbon (i.e., 0.12). This calculation
should be considered an upper limit on CO, removal poten-
tial given that observed net changes in the field soil may have
been driven by cations derived from non-silicate sources. We
also observed an improvement in total carbon on MP1-treated
fields (0.21% +0.04%) compared to UTC fields (0.13% % 0.04%;
Figure 3b). Most of this increase is explained by the inorganic
carbon component as the total organic carbon concentration
showed little difference between MP1-treated (0.15% +0.05%)
and UTC (0.14% +0.04%) fields. We observed a minor de-
crease in exchangeable calcium in MP1-treated fields, while
a clear decrease was observed in UTC fields (Figure 3c), the
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FIGURE3

| MP1 field application increases soil carbon and positively affects soybean yield. (a) Inorganic carbon formation (measured as calcium

carbonate equivalent, CCE). (b) Total carbon changes, (c) exchangeable calcium changes, (d) cation exchange capacity (CEC) changes, and (e) soil pH
changes during the 2022 growing season on soybean fields. Each bar represents the average change between pre-plant and post-harvest on untreated
control (UTC) fields and MP1-treated fields. For all the soil results (a—e), the bars represent the average of 24 sampling points taken from six UTC
fields and 23 sampling points taken from eight MP1-treated fields and their standard error. (f) Soybean grain yield from 12 fields in North Dakota in
the 2022 growing season. The MP1 bar represents the average of seven treated fields and its standard error, and the UTC bar represents the average
of five untreated fields and its standard error. The asterisks (*) indicate statistically significant differences against UTC (*p-value <0.05).
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delta between the two groups being 0.82 cmol kg™ (unpaired
t-test, p-value =0.10). Additionally, we observed an increase
of 1.32 £0.46 cmol kg~! in the cation exchange capacity on
MP1-treated fields compared to 0.59 +0.27 cmol kg~! for UTC
fields (Figure 3d). In rock weathering studies, an increase in
CEC can possibly be explained by an increase in secondary
clay minerals, a byproduct of silicate weathering (Vienne
et al. 2022). Due to microbial and plant metabolism, soils tend
to acidify during the growing season (Marschner 2011). This
phenomenon is observed in UTC fields where the drop in pH
throughout the season was 0.20 units (Figure 3e). However,
the soil pH on MP1-treated fields increased by 0.07 units in the
same period (Figure 3e). Importantly, MP1 also positively af-
fected yield in this field study, with an average grain yield in-
crease of 0.21 tonnes ha~! compared to UTC fields (Figure 3f),
a 7.5% improvement over UTC. Consistent with the in vitro
and mesocosm results, our field study supports the notion that
MP1 enhances silicate weathering rates and SIC formation
over one agricultural growing season.

3.4 | Microbially Mediated Carbon Sequestration
in Soils

We have demonstrated that a targeted application of a microbial
soil treatment can accelerate native silicate weathering and pro-
mote inorganic carbon formation within one agricultural sea-
son. MP1 accelerated silicate dissolution in vitro and used the
extracted cations to promote carbonate precipitation (Figure 1).
In agreement with these observations, we observed the forma-
tion of SIC and higher levels of readily extractable cations in
the soil after MP1 treatment in controlled mesocosm and field
studies (Figures 2 and 3). Our findings suggest that MP1 tar-
gets silicates naturally present in the soil (Figure S5), and that
carbonate precipitation mediated by MP1 facilitates the weath-
ering of these native silicates. In the agroecosystem where we

conducted the field trial, the amount of total feldspar in the soil
A horizon ranged between 17.7 and 27.5wt% (Smith et al. 2019),
levels that are similar to many soils around the globe where pri-
mary silicate minerals are also naturally abundant (Hartmann
and Moosdorf 2012). Accelerated weathering of these native
silicates has the potential to enhance soil fertility and promote
carbon dioxide removal via SIC formation. In addition to the
SIC formation, the elevated calcium and iron availability asso-
ciated with MP1 treatment may also promote soil organic car-
bon persistence through the formation of mineral-associated
organic matter (MAOM) mediated by physicochemical and bi-
otic processes (Rowley et al. 2018; Shabtai et al. 2023; Bramble
et al. 2024). Further studies can be performed to assess the im-
pact on MAOM formation by MP1 in agricultural soils.

Although the exact mechanism for silicate weathering by MP1
is unknown, microorganisms have been reported to enhance
mineral weathering by impacting important kinetic param-
eters through the production of protons mediated by carbonic
anhydrases (CAs) (Xiao et al. 2015; Vicca et al. 2022), organic
and inorganic acids (Frey et al. 2010), secretion of chelating
agents or redox-active molecules (Kraemer 2004; Newman and
Kolter 2000; Lee et al. 2012), and attachment to mineral surfaces
(Ahmed and Holmstrém 2015). MP1 produced a robust biofilm
and brown-red pigment in the presence of silicates in vitro.
Furthermore, the presence of silicates altered the pH profile of
MP1 cultures (Figure 1). Bacterial biofilms have been proposed
to play an important role in mineral dissolution by facilitating
adherence to rock surfaces and concentrating weathering agents
(Han et al. 2024; Finlay et al. 2020; Kemmling et al. 2004). In ad-
dition to acid production (observed by the initial drop in culture
pH—Figure 1c), our results point to the possible role of chelation
in MP1-mediated weathering. First, the negatively charged ex-
tracellular matrix of Bacillus biofilms can serve as a binding site
for cations such as Ca?* (Ercole et al. 2012; Kim et al. 2017; Han
et al. 2018; Zhuang et al. 2018). Second, the brown-red pigment
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FIGURE 4 | Proposed model by which MP1 promotes inorganic carbon formation in the soil. We hypothesized that MP1 forms a biofilm on the

surface of silicate minerals. At the mineral surface-biofilm interface, MP1 regulates the transport of ions (i.e., protons and cations) to generate a low

pH microenvironment at the mineral-biofilm surface and a high pH and high cation concentration microenvironment at the biofilm-bulk solution

interface. This physically separates the silicate weathering process from soil inorganic carbon formation, including carbonate precipitation.
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(Figure 1b) is reminiscent of an iron chelator, pulcherrimin, for
which MP1 carries the genes (Arnaouteli et al. 2019). These ob-
servations support a model wherein MP1 senses the presence of
cation-bearing silicates and forms a biofilm to colonize the min-
eral surface and alter chemical conditions at the mineral-biofilm
interface. While maintaining an optimal microenvironment for
silicate dissolution at the mineral-biofilm interface, we hypoth-
esize that SIC formation, including carbonate precipitation, is
promoted at the interface with the bulk soil (Figure 4). The pro-
posed model is consistent with a ‘trans’ calcification type model
described by McConnaughey and Whelan (1997). In lab exper-
iments, we observed a steep increase in the pH of MP1 cultures
facilitating carbonate precipitation (Figure 1c,e). We also ob-
served a statistically significant difference in the average change
of soil pH of MP1-treated soils compared to untreated soils in
our large-scale field study (Figure 3e). This could be explained
by a multifactorial effect in which protons generated by the hy-
dration of CO, are directed and concentrated toward the silicate
minerals through MP1 biofilm, with the silicate minerals acting
as a sink for these protons (Figure 4). This process, in turn, pro-
motes the dissolution of the silicates. Consequently, base cations
and bicarbonate are released to the soil solution (Figure 4). A
portion of the base cations may displace protons from the soil
exchangeable sites, further increasing the soil pH.

Overall, our data suggest that silicate weathering, increased
cation availability, and pH modulation of the bulk solution are
key mechanisms driving the increase in the SIC evidenced in
this study.

4 | Implications and Future Perspective

Agricultural practices can fundamentally alter the inor-
ganic carbon cycle in soils (Zamanian and Kuzyakov 2022;
Suarez 2000; Lal and Kimble 2000; Sanderman 2012). Due to
the massive scale of available arable land globally, agriculture
holds the potential to be a major contributor to CDR. For farm-
ers to contribute to CDR, they will need access to solutions
compatible with their operations. MP1 application has the po-
tential to be one of such solutions. Bacillus spp. have been used
as agricultural input products for decades to promote plant
growth, enhance nutrient availability, and act as a biocontrol
agent for plant diseases and pests (Aloo et al. 2019; Xavier
et al. 2023). MP1 application is compatible with standard
farm practices and increased the average yield for soybeans
in our field trial (Figure 3f). It should be noted that year-on-
year MP1 application could result in a reduction of primary
silicate minerals over time that could ultimately affect soil
fertility. Additional research is needed to estimate how long
this approach can sustainably be deployed in various soils. In
the field, we estimated a gross accrual of 2.02 tonnes inorganic
C ha™! year™! based on the observed 0.42% additional CCE
formation for MP1 treatment compared to UTC (Figure 3a).
We postulate that most of the CCE formation is attributable
to weathering of Ca, Mg, Na, and K-bearing silicates (the lat-
ter two resulting in DIC). Second, it is conceivable that MP1
also accelerates the weathering of other cation-bearing, non-
carbonate minerals such as phosphates, sulfates, and oxides.
Finally, as the field study comprises an open system, the abil-
ity of MP1 to affect the retention of cations from atmospheric

deposition and fertilizer and its influence on the vertical dis-
tribution of naturally occurring soil carbonates needs to be
considered. Although the contribution of the latter two pro-
cesses remains to be determined in the field, it is worth not-
ing that these are ruled out as factors in controlled mesocosm
studies. Future studies could incorporate the contribution of
MP1 to silicate weathering into established reactive transport
models to address vertical distribution, carbon dioxide re-
moval durability, and base cations source uncertainties.

To enable sustainable year-on-year MP1 application, crushed
silicate rocks could periodically be introduced in fields with a
low content of native silicates. The application of crushed rock
(e.g., basalt, olivine, wollastonite) on agricultural soils for CDR
(i.e., enhanced rock weathering—ERW) has been demonstrated
previously (Holzer et al. 2023; Kantola et al. 2023; Larkin
et al. 2022; Xu et al. 2024; Kelland et al. 2020). Co-application
of MP1 with crushed rock may accelerate the rate of ERW and
improve the overall CDR potential of both approaches, while at
the same time providing benefits to soil fertility. The mechanism
presented in this paper demonstrates the potential of applying
MP1 on farmland to remove carbon dioxide. By applying MP1
across millions of acres, by itself or in combination with crushed
silicate rocks, this approach could become an important CDR
tool with global impact.
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