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Abstract

Soil microbial communities affect the formation of micro-scale organo-mineral associations where
complex processes, including aggregate formation, microbial mineral weathering and soil organic
matter stabilization occur in a narrow zone of biogeochemical gradients. Here we designed a field
study to examine carbon stabilization mechanisms using in-growth mesh bags containing biotite that
were placed in a ponderosa pine rhizosphere for 6 months and compared the content of the mesh bags
to the surrounding bulk soil. We sought to determine the composition of the microbial community in
the mesh bags compared to the surrounding soils, analyze the direct interactions between microbes
and biotite, and finally identify the nature of the newly formed organo-mineral associations within
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the mesh-bags. Our results revealed that minerals in the mesh bags were colonized by a microbial
community that produced organic matter in situ. The 16S rRNA gene sequencing and ITS2 region
characterization revealed a phylogenetic similarity between the mesh bag and bulk soil
archaea/bacteria and fungi microbiomes, with significant differences in alpha- and beta-diversity and
species abundances. Organic carbon pools of the mesh bags, analyzed by Fourier transform ion
cyclotron resonance mass spectrometry, contained lipid-like and unsaturated hydrocarbons while the
bulk soil was comprised of lignin-like and carboxyl-rich alicyclic molecules. These results support
the in-situ formation of organic compounds by microbes in the mesh bags which strongly adhered to
mineral surfaces. These strongly adhered organic compounds facilitated aggregation of mineral
particles and were stabilized as organo-mineral assemblies forming "nanocrusts" on biotite surfaces,
documented by high-resolution electron microscopy. Elemental depletion was also observed at the
microbe-mineral interface by nano-scale chemical analysis that indicated mineral cations
biogenically released from the biotite. Overall, this study elucidated the direct and indirect
involvement of rhizospheric microbial communities in the formation of organo-mineral associations,
soil organic carbon stabilization, and mineral weathering at micro- and nano-scales.

1. Introduction

Interactions between microorganisms and soil particles are highly complex. These processes
involve microbial adhesion to a mineral substrate, formation of organo-mineral associations (OMAs),
electron transfer between the microbes and mineral surfaces, liberation of mineral cations, mineral
weathering, secondary mineral formation, soil organic matter (SOM) formation, decomposition
and/or stabilization, and many other microbially orchestrated interactions in microbes’ overarching
pursuit of nutrients for obtaining sustenance. While these processes are intertwined and dependent
upon each other, most have been studied in isolation (Tisdall and Oades, 1982; Tiessen and Stewart,
1988), with increased interest brought about by advancements in analytical tools (Jastrow et al.,
1998) and (Chenu and G, 2002). Within the past decade, with further analytical advances in omics
technologies (White et al., 2017), stable isotope probing (Pett-Ridge and Firestone, 2017), atomic
resolution imaging and chemical analysis (Dohnalkova et al., 2017; Newcomb et al., 2017; Possinger
et al., 2020), and advances in modeling (Lawrence et al., 2009; Wieder et al., 2013; Wieder et al.,
2014), an increased understanding has emerged of the interconnectedness of these simultaneously
ongoing soil processes. New perspectives on organo-mineral associations have been developing
(Kogel-Knabner et al., 2008), (Kleber et al., 2015), calling for interdisciplinary holistic approaches,
systematic and targeted investigations, and novel modeling efforts to understand the mechanism of
organo-mineral interactions (Kleber et al., 2021).

Organic carbon is transported to the soil as above- and belowground plant material, microbial
biomass and necromass, and exudates from plant roots and fungal hyphae (Liang et al., 2019; Sokol
and Bradford, 2019; Angst et al., 2021). It has been postulated that all soil carbon that forms SOM is
originally processed by soil microorganisms regardless of its origin, and that organic matter “must
decay in order to release the energy and nutrients that drive living processes all over the planet”
(Janzen, 2006). However, in the face of the global climate change, questions are rising about how to
increase stabilization of organic matter and long-term carbon storage in soils (Qafoku, 2015).
Understanding of the dynamics of SOM and its interactions with minerals in soil environments is
becoming crucial.

Aggregate and microaggregate formation improve soil porosity and are thought to contribute
to slowing SOM decomposition and stabilizing organic carbon (Angst et al., 2021; Ozlu and Arriaga, 2021).
Microaggregates are primary organo-mineral complexes with organic matter strongly bound to < 2
um particle-size fractions with slow turnover times (Chenu and Plante, 2006). Spatial inaccessibility rather
than solely chemical composition is considered the main reason for increased residence times of
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SOM in aggregates (Lehmann and Kleber, 2015), and other protection mechanisms such as occlusion,
intercalation, hydrophobicity, and encapsulation need also to be considered (von Lutzow et al., 2006; Kaiser
and Guggenberger, 2007). Soil microorganisms produce extracellular polymeric substances (EPS) that can
control bacterial flocculation, biofilm formation and cell adhesion to solid surfaces (korenevsky and
Beveridge, 2007). EPS' adhesion to minerals and its ‘cementing’ capacity play an important role in the
formation of organo-mineral associations (OMAs), and ultimately, soil aggregates. This subject has
been extensively reviewed in (Jastrow et al., 1998; Kogel-Knabner et al., 2008; Kleber et al., 2015). In addition, EPS
binds metal ions, entraps mineral fragments, aids dissolution-precipitation and colloid transport
(Fredrickson and Fletcher, 2001), and results in precipitation of salts via dehydration (Dohnalkova et al., 2011).
Bacterial EPS can also influence mineral oxidation/reduction (Fredrickson and Fletcher, 2001), as it 1S an
important component of microbes’ extended electron transfer system. Under conditions of electron
acceptor limitation, EPS can evolve into electron-conducting nanowires to facilitate extracellular
electron transfer (Gorby et al., 2006) and actively change the soil environment.

Carbon dynamics in the soil environment has been linked to another essential role of microorganisms
that is the chemical weathering of minerals. The release of key inorganic nutrients from minerals is
required not only for obtaining the sustenance of the microorganisms but also for that of plants and
other living organisms. Mineral composition can influence the microbial community and promote
colonization by specifically adapted microbes with mineral-weathering abilities (Hutchens et al.,
2010; Uroz et al., 2015). In ecosystems with low non-nitrogen nutrient availability, diverse genera of
bacteria can facilitate mineral weathering (Banfield, 1997; Uroz et al., 2009), often forming complex
microbial communities with fungi that colonize mineral surfaces (Hutchens, 2009; Kandeler et al.,
2019; Colin et al., 2021). However, few studies on microbial weathering have combined both
functional and taxonomic investigations for these environments (Lepleux et al., 2012; Kelly et al.,
2016; Colin et al., 2017; Whitman et al., 2018). In these studies, the mineral-associated bacterial
communities differed significantly from those of the surrounding bulk soil, and bacteria of only
certain classes colonized a particular mineral type, depending on their ability to access and mobilize
certain cations.

Mycorrhizal fungi are known to mostly use labile carbon received from the host plants for
their energy requirements and in exchange for mineral-driven nutrients (Soudzilovskaia et al., 2019),
while saprophytic fungi are documented to breakdown large and “recalcitrant” organic molecules
such as lignin and cellulose (Kubartova et al., 2009; Janusz et al., 2017). Thus, saprophytic fungi
have a significant function in SOM dynamics, especially in forested ecosystems (Kubartova et al.,
2009). Numerous studies demonstrated the essential function of mycorrhizal fungi in mineral
weathering and inorganic nutrient uptake that has been fueled by plant-driven carbon allocations and
governed by nutrient and water availability(Phillips et al., 2014; Dontsova et al., 2020; Finlay et al.,
2020; Li et al., 2021). However, the role of mycorrhizal fungi is poorly understood in SOM turnover
and stabilization even though mineral weathering processes directly create fungi-mineral interactions,
facilitating organo-mineral associations, adhesion of organic matter to mineral surfaces, influencing
the redox states of metal ions in the mineral lattice, and liberating cations from mineral structure
(Courty et al., 2010; Phillips et al., 2014). It has been documented that (ecto)mycorrhizal fungi
directly forage SOM to supply nitrogen to their host plants. Nitrogen and carbon ratios of SOM
influence the effectiveness of ectomycorrhizal fungal foraging (Makarov, 2019; Kopittke et al.,
2020). In addition, it has been observed that mycorrhizal fungi indirectly increased the breakdown of
“old” recalcitrant SOM by exuding the plant-supplied labile carbon into the rhizosphere, which acts
as a “priming agent” for decomposition (Jackson et al., 2019). This finding indicates that there are no
distinct long-term recalcitrant pools of SOM; rather, it is more like a continuum in the soil
environment (Lehmann and Kleber, 2015).
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In this mesh bag study, our goals were to determine and describe the role of ectomycorrhizal
fungi and associated microbes on soil carbon dynamics and formation of organo-mineral associations
in relation to biotite weathering in the rhizosphere of ponderosa pine. Specifically, we wanted to
contrast the composition of the microbial community in the mesh bag and in the surrounding soil,
analyze the direct interactions between microbes and biotite, and identify the newly formed organo-
mineral associations within the mesh bags. We hypothesized that A) biotite in the mesh bags would
promote colonization by specifically adapted microbes,; B) the composition of the newly formed
organic matter associated with biotite in the mesh bags would have a signature of microbial activity,
and C) the SOM, microbial biopolymers, and adhered microbes and fungal hyphae would cause
physico-chemical changes as a sign of biogenic mineral weathering. To test these hypotheses, we
combined molecular analyses, high resolution chemical imaging and surface analysis, and X-ray
diffraction (XRD) to analyze the content of the mesh bags and the surrounding bulk soil after 6
months of incubation in the rhizosphere of ponderosa pine.

2. Materials and Methods

2.1. Experimental design

An array of in-growth mesh bags containing biotite was placed in a forest with a predominant
population of Ponderosa pine (Pinus ponderosa) in Central Cascades, WA (N47°44.322; W120
©39.494, elevation 606 m). The mesh bag setup was based on (Wallander et al., 2001), with
modifications. In brief, one gram of biotite of particle size 100 um was sonicated in distilled water,
washed and dried, and placed into nylon bags (50 um mesh size) 3 x 3 cm in size, and heat-sealed
under sterile conditions. The mesh size allowed entry of the microbial community and fungal hyphae,
but not that of roots. Six mesh bags were positioned in the rhizosphere of young ponderosa pine
seedlings within an approximate area of 100 m2. The estimated age of the seedlings was five years.
Placing the mesh bags into the rhizosphere of a known ectomycorrhizal fungi host, ponderosa pine,
maximized the chances of colonization by ectomycorrhizal fungi and their associated microbes, and
allowed us to examine their role in SOM turnover and stabilization. The mesh bags were oriented
horizontally approximately 15 cm below the surface at the interface between the A and B mineral soil
horizons within the rhizosphere of the pine trees. The soil of the research area is Nard silt loam
(USDA’s Web Soil Survey), which is characterized as well-drained, contains less than 50% sand,
less than 25% clay and a high amount of silt particles; the parent material is a combination of
sandstone colluvium, loess and volcanic ash. The measured soil pH was 6.20 (+/- 0.15) at the depth
of the experiment. After 6 months of incubation, the bags were gently removed and processed to
characterize the microbial community and newly formed organic C associated with the minerals.
Three mesh bags were selected, as well as a combined sample of representative bulk soil about 20 cm
away from the rhizosphere area where mesh bags were located. Three technical replicates from each
mesh bag were prepared for analyses described below.

2.2. Microbial community analysis
2.2.1. Microbial DNA extraction, sequencing and taxonomic analysis

Microbial diversity and community composition in three mesh bags and the surrounding bulk soil
were determined by 16S rRNA and ITS amplicon sequencing and subsequent taxonomic analysis.
Microbial DNA was extracted using a MoBio PowerSoile DNA Isolation Kit (MoBio Laboratories,
Inc., Carlsbad, CA, USA) following the manufacturer’s instructions. Eluted DNA was quantified
with a QuBit: 2.0 Fluorometer and a QuBit-dsDNA HS (high sensitivity) Assay Kit (Invitrogen,
Carlsbad, CA, USA). The quality of the bacterial DNA product was checked by PCR amplification of
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the V4 region of the 16S rRNA gene (515f-806r). Fungal DNA product was checked by PCR
amplification of the ITS1 region (ITS1f-ITS2). PCR was done with a Taq PCR Master Mix Kit
(Qiagen, Hilden, GA, USA) and a DNA Engine Tetrad 2 Peltier thermocycler (Bio Rad, Hercules,
CA, USA). PCR conditions and details pertaining to the 16S and ITS primer sets are described in
(Caporaso et al., 2012) and (White et al., 1990), respectively. Eluted DNA was stored at -20°C and
subsamples (20 pL) from each biological replicate were sent to Argonne National Laboratory (ANL)
for sequencing on the Illumina HiSeq2000.

Reads were demultiplexed, joined, and quality filtered using ea-utils (Aronesty, 2011), then analyzed
with QIIME (Caporaso et al., 2010). VSEARCH (Rognes et al., 2016), an optimal, open-source
implementation of USEARCH, was used to dereplicate, sort by abundance, remove single reads, and
cluster at 97% identity. The UCHIME algorithm as implemented in VSEARCH was used to check
these clusters for chimeras and construct an abundance table by mapping labeled reads to chimera-
checked clusters (Edgar et al., 2011). Taxonomy was assigned to the centroid of each operational
taxonomic unit (OTU) by finding the last common ancestor of the top three hits to the Greengenes
database (McDonald et al., 2012).

2.2.2. Statistical analysis

Data were processed in R, using the Phyloseq package (McMurdie and Holmes, 2013). Samples with
less than 10k reads were removed and remaining samples were rarefied to an even depth. To
visualize taxonomy composition, identified microbes were merged at the Class or Family levels,
samples were merged by cohort, and only the most abundant microbes are shown. For statistical
modeling, unmerged samples and normalized, unmerged OTUs were used.

Residual maximum likelihood (REML) models, a mixed-effect approach, were used to test for
differences between sample locations (i.e., bulk soil vs. mesh bags) for the relative abundance of the
eleven most abundant classes of bacteria and fungi identified by using 16S (bacterial) and ITS
(fungal) sequencing. Field tree was incorporated as a random variable, whereas sample location,
month, and their interaction, were fixed effects. All REML models were run in JMP Version 13.0
(SAS Inst. Inc., Cary, NC, USA). To test for relationships between 16S, ITS and FTICR data, we
performed a nonmetric multi-dimensional scaling (NMS) of Bray-Curtis similarities using combined
16S and ITS data (relative abundance of all identified OTUs merged at the class-rank) as the primary
matrix and relative abundance of FT-ICR elemental and compound classes as the secondary matrix
using PC-ORD 6 (MjM Software Design, Gleneden Beach, OR, USA).

2.3 Organic matter extracts analysis by Fourier transform ion cyclotron resonance mass spectrometry
(FTICR — MS)

A 12-T Bruker SolariX FTICR mass spectrometer (Bruker Daltonics, Billerica, MA, USA) was used
to collect high-mass resolution and mass accuracy spectra of free and loosely/weakly bound organic
molecules in the material from three mesh bags and adjacent bulk soil. The material was extracted
sequentially by two solvents with decreasing polarity: in water (Optima® LC/MS grade, Fisher
Scientific, Suwanee, GA, USA) and 100% methanol (Optima® HPLC grade, Fisher Scientific,
Suwanee, GA, USA), according to (Tfaily et al., 2017). Samples (0.4 g) were weighed for extraction
and then gently shaken sequentially for 30 min in each solvent before being spun down and the
supernatant was injected onto the FTICR-MS instrument outfitted with a standard electrospray
ionization (ESI) interface. The spectra were collected in negative ion mode. Water-extracted samples
were diluted 1:2 with methanol and methanol-extracted samples were infused directly using a 250 pL
Hamilton syringe at a flow rate of 3 uL/min. The coated glass capillary temperature was set to 180°C
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and the electrospray voltage set to +4.3 kV or -4.3 kV. The ESI signal was allowed to stabilize for 5
min and data were collected from 100 to 1300m/z, resolution was 4.5E5 at 451 Da, ion accumulation
time was 0.1 s for 96 scan averages co-added, time of flight was set to 0.65 ms, and Q1 was set to
100m/z. The syringe was then flushed with 50/50 (v/v) methanol/water to prepare for the next
sample. Spectra were calibrated by two internal series of dissolved organic matter homologous series
separated by 14 Da (—CH2 groups) and the mass accuracy was calculated to be <1 ppm for singly
charged ions ranging across the mass spectra distribution. Molecular formula assignments were made
using a modified version of the Compound Identification Algorithm (CIA) (Kujawinski and Behn,
2006). Spectra from water-extracted samples were selective for carbohydrates with high O:C ratios,
whereas spectra from methanol-extracted samples were selective for compounds with low O:C ratios
(O:C <0.5), as established by (Kujawinski et al., 2009). The van Krevelen diagrams were
constructed using the elemental oxygen-to-carbon ratio (O/C ratio) on the x-axis and hydrogen to
carbon (H/C ratio) on the y-axis. Major biogeochemical classes of compounds (such as lignin-like
compounds, lipid-like compounds, etc.) have their own characteristic H/C or O/C ratios. As a result,
each class of compounds plots in a specific location on the diagram (Kim et al., 2003).

2.4. Microbial-Mineral Associations Imaging and Analysis
2.4.1. Scanning electron microscopy (SEM) and Helium ion microscopy (HelM)

The micro- and nano-topography of biotite from mesh bags was inspected using SEM and HelM,
with emphasis on visualizing organic matter and microbial attachment to mineral surfaces. Mineral
material from the same three samples as for the FTICR was air-dried, then mounted on carbon tape-
covered aluminum SEM stubs (Ted Pella, Redding, CA) and sputter-coated with 20 nm of carbon.
The mineral particles were imaged with a Helios NanoLab DualBeam SEM (FEI, Hillsboro, OR) at 2
KeV coupled with energy-dispersive X-ray spectroscopy (EDS) operated at 20 keV, and data were
analyzed with INCA software (Oxford Instruments). Additionally, samples containing microbial
material were imaged with a high-resolution Orion HelM, (Zeiss, Peabody, MA) at 30 keV.

2.4.2. Transmission electron microscopy (TEM) and Energy Dispersive Spectroscopy (EDS)

To visualize direct microbial — mineral associations at high resolution and provide their chemical
maps, whole mounts of the material were prepared. A 5-pL drop of water with material from either
the mesh bags or the bulk soil was applied to a 100-mesh Cu grid covered with formvar support film
sputtered with carbon (Electron Microscopy Sciences, Hatfield, PA). The material was allowed to
adhere to the grid for 1 min before the liquid was gently blotted and air-dried. Samples were
examined with a Tecnai T-12 TEM (FEI) operating at 120 kV with a LaB6 filament. Images were
collected digitally with a 2x2K Ultrascan CCD (Gatan). For cross-sectional TEM, material was
processed and embedded in plastic (Table S1) and sectioned at 70 nm ultrathin sections (Leica
Ultracut UCT ultramicrotome, Leica). The sections were mounted on a TEM grid as above and
imaged on a Tecnai T-12 TEM. For atomic-resolution imaging and chemical mapping, the material
was applied as a whole mount on an UltraThin C grid (Ted Pella, Redding, CA), and imaged and
analyzed with an aberration corrected FEI Titan 80-300 scanning transmission electron microscope
(STEM) operated in S/TEM mode using a high angle annular dark field (HAADF) detector. The
probe convergence angle was set to 18 mrad and the inner detection angle on the HAADF detector
was set to 52 mrad. The elemental analysis was performed using EDS at high collection angle silicon
drift detector (~0.7srad, JEOL Centurio). Acquisition and evaluation of the spectra was performed by
NSS Thermo Scientific software package.

This is a provisional file, not the final typeset article
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2.4.3. X-ray diffraction (XRD) analysis of minerals

Mineral composition of bulk soil, changes in crystallinity of biotite in mesh bags and formation of
amorphous content were examined by using powder-XRD and micro-XRD. A 0.5 g portion of the
same three samples used for the FTICR analysis and electron microscopy imaging was homogenized
into fine powder by dry grinding and loaded into 0.5-mm-diameter quartz capillaries (Charles Supper
Co., Natick, MA) for micro-XRD (Rigaku D/Max Rapid II with a 2D image plate detector)
measurements. Change of crystallite sizes of biotite in mesh bags was calculated from Rietveld
refinement of the XRD data using the program TOPAS (version 5, Bruker AXS, Germany). For the
determination of amorphous content of the samples, a known amount of high-crystallinity corundum
internal standard was mixed into the samples and was calculated following Madsen and Scarlett
(2008). Detailed description of XRD methods and data analysis are found in Supplementary
material.

3. Results

3.1. Content of mesh bags after 6 months

All mesh bags were fully intact, and there were no visible signs of bulk soil in the bags upon removal
from the soil. Careful dissection of the bags showed that biotite was aggregated into a cohesive mass
that resisted gentle probing with fine forceps (Figs. 1A and B). However, it was documented by SEM
that a small amount of the < 50 um fraction of the surrounding bulk soil had infiltrated into the bags,
as well as a presence of newly populated microbial material (Figs. 1A and C). The XRD patterns of
the mesh bag biotite showed subtle changes and higher background when compared to the starting
material (Fig. S2). The slight decrease of crystallite size and increased amount of amorphous material
in all mesh bag samples (Fig. S3) can indicate biotite weathering. However, the small number of
analyzed samples and high variation among the replicates did not provide strong quantifiable
evidence for biotite weathering over the course of the experiment (Fig. S3). None the less, biotite
successfully recruited a specific microbial community and contained organo-mineral associations
inside the mesh bags (Fig. 1).

Figure 1. SEM images of biotite flakes (asterisks) and bulk soil material (ovals) attached to the
inside of a mesh bag (A), biotite flakes assembled into an organo-mineral association (B), and a
newly associated microbial cells and EPS (arrows) adhered to the surface of a biotite flake (C).

3.2. Microbial community composition
After six months, both the bacterial and fungal communities differed between the bulk soil and
material extracted from three biological replicates (Fig. 2). Biotite inside the bags contained more
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Saprospirea (p = 0.0350) and Betaproteobacteria (p = 0.0225) than the bulk soil communities,
whereas Acidobacteria (p = 0.0158), Acidobacteria-6 (p = 0.0070), Spartobacteria (p = 0.0351),
Gemmatimonadetes (p = 0.0497) and Planctomycetia (p = 0.0375) were more abundant in bulk soil
than in the mesh bags (Fig. 2A). For fungi, there were fewer Pezizomycetes (p = 0.0397) and more
Dothideomycetes (p = 0.0435) inside the mesh bags than in the bulk soil samples (Fig. 2B).
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Figure 2. Relative abundance of most populated classes for bacterial (16S; A) and fungal (ITS; B)
communities averaged from three samples collected at six months. BS - bulk soil, MB - mesh bag.

The differences by sample location (i.e., bulk soil vs. mesh bag) for all 16S and ITS operational
taxonomic units (OTUs) were verified using Principal Component Analysis (p = 0.001 for 16S and
0.004 for ITS). The Simpson alpha diversity index of 16S OTUs showed higher diversity in mesh bags
(0.994+0.004) than in bulk soil (0.987+0.007) after 6 months of incubation. On the other hand, the
Simpson diversity index did not differ for the ITS sequencing of mesh bag (0.85+0.07) and bulk soil
(0.86%0.06) materials.

3.3. FTICR-MS analysis of water and methanol extracts of organic matter
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We characterized the molecular composition and complexity of the carbon compounds in the bulk
soil and the newly formed associations in the biotite in three mesh bags. The numbers of peaks
observed in each solvent and for each sample type were relatively similar, but each solvent extracted
a different class of compounds. The class of water extractable organic matter that could represent the
most labile fraction of the SOM was around 60% unique to water extraction and 40% overlapped
with the class of methanol extractable SOM in the mesh bags, while in bulk soil the overlap was only
22%. Compounds with low O/C ratios that fall in the lipid-like and unsaturated hydrocarbon regions
of the van Krevelen diagram were more abundant in the mesh bag samples compared to the bulk soil,
reflecting a microbial signature (Tfaily et al., 2017), (Figs. 3 and 4). SOM in the bulk soil contained a
higher abundance of lignin-like and CRAM (carboxylic-rich alicyclic molecules)-like compounds,
reflecting plant signature. Additionally, protein-like material (mainly small peptides) was
significantly more abundant in the mesh bags compared to bulk soil, further evidence of microbial
signature in the bags and reflecting the high microbial activity taking place on biotite (Fig 4).
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Figure 3. Van Krevelen diagrams of major biochemical classes of compounds in bulk soil (BS) and
mesh bag (MB) material sequentially extracted into water and methanol. The classes of unique
compounds in bulk soil (C,D) and mesh bags (E,F) were determined by their elemental oxygen-to-
carbon (O/C) and hydrogen-to-carbon (H/C) ratios (Kim et al., 2003). The boxes in the lower panels
C, D, E, F represent the same biochemical classes as in the annotated panels A,B. Diagrams reflect
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337  all 3 replicates at 6 months.
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339  Figure 4. Relative abundance of different compound classes uniquely extracted by water (A) and
340  methanol (B) from bulk soil (BS) and mesh bag (MB) material. Carb — carbohydrates, ConHC —
341  condensed hydrocarbons, UnsHC — unsaturated hydrocarbons. Arrow bars represent the standard
342  deviation of the replicates, n(MB) = 9; n(BS) = 3.

343 3.4, Electron microscopy of microbial-mineral associations

344  3.4.1. Adhesion

345  Microbial biomass was associated with biotite surfaces and edges, forming a thin amorphous layer of
346  organic material that often enrobed the minerals. We observed the pattern of microbes colonizing the
347  mineral edges and fractures for easier access to fresh surfaces with more accessible base cations (Fig

348 5).

349

350  Figure 5. SEM images of a typical pattern of bacterial attachment on mineral edges from mesh bags.
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(A) A bacterium attached with strands of EPS (inset, B). TEM of a bacterium attached to a biotite
surface with EPS (arrows in C, inset D); a thin layer of EPS covering the surface (E). Scale bars are
10 um (A), 1 pm (B), 200 nm (C), 100 nm (D) and 50 nm (E).

3.4.2. Aggregation
The mesh bags also contained some bulk soil particles that were most likely introduced through the
50 um mesh by passive movement of water. The minerals, often in the <2 um range, became readily
aggregated into much larger units by the EPS that was formed by the microbes inside the bags (Fig.
6). In the bulk soil, root associated ectomycorrhizal fungal hyphae strongly held small soil particles
together that were five times larger in diameter than the fungal hyphae (Fig. 7) and nanometer size
particles were able to directly aggregate on the surface of the hyphae (Fig. 8).

Ca Cu
= A -
3 4 5 6 7 8 9 10 [keV]
Ca Cu
L W
3 4 5 6 7 8 9 10 [keV]
Ca
Cu
Ki, Fe -
3 4 5 6 7 8 9 10 [keV]

Figure 6. TEM image of a typical aggregate of micrometer-range mineral particles in the mesh bags
that most likely assembled from washed-in surrounding bulk soil particles, mesh bag biotite, and
organic material in-situ. These organic polymeric substances produced by microbes (light amorphous
material A) firmly held mineral particles (such as, B and C) together. The corresponding EDS spectra
show elemental composition of organic matter (A), a feldspar (B) and biotite mica (C) in the imaged
aggregate.
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D <
—— 50 pm ——

Figure 7. (A) SEM image of a common aggregate of micrometer-range mineral particles in the bulk
soil around roots associated with ectomycorrhizal fungi. (B, C, D, E) Examples of fungi-assisted
aggregation process, with fungi able to support mineral particles more than five times their diameter.

Figure 8. TEM images of ectomycorrhizal fungi from the bulk soil with mineral associations: (A) A
whole mount showing a fungal hypha (indicated by the dashed line) covered with sub-micrometer
particles; (B) a cross-section of a hypha with minerals deposited on its outer membrane (arrows).

3.4.3. Weathering

Energy-dispersive X-ray spectrometry was used for elemental mapping of mineral surfaces to capture
signs of base cation extraction by microbes and associated OM (chemical weathering). As
anticipated, the concentrations were low, sometimes on the verge of a detection limit. However, it
was evident in the layer of EPS or SOM covering the minerals (Fig. 9).

.. .. . 12
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Figure 9. A Biotite particle covered by EPS (A). An inset of (A) shows an interface of crystalline
biotite and an amorphous layer of EPS (B, dashed line). A slightly increased concentration of Fe and
K in OM was detected by EDS (color panels).

Signs of physical weathering such as cracks filled with organic materials (Fig. 10) and expansion of
biotite layers covered with SOM (Fig. 11) were commonly observed on biotite from the mesh bags.

Figure 10. TEM image of submicron-scale biomechanical mineral weathering of a biotite flake from
the mesh bags. Organic matter preferentially associated with mineral surfaces and edges (arrows in
A), and filled into cracks (arrows in B, inset of A).

3.4.5. Stabilization
SOM accumulated between layers (Fig. 11, arrows) and in fractures (Fig. 10) of biotite of the mesh
bag samples, which protected and stabilized organic matter in the dynamic soil environment.
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Figure 11. SEM images of mesh bag biotite edges covered with SOM. The expansion of the biotite
layers also allowed organic matter accumulation on the particle surface (asterisks) and between the
layers (arrows).

Additionally, sub-micron size mineral fractions were immobilized — physically stabilized — in the
amorphous organic layers covering mesh bag biotite particles (Figs. 12A and B). These organo-
mineral assemblies were often covered with a “crust” of nanoparticles (Fig. 12C).

LR S

Figure 12. TEM images of (A) a mesh bag biotite particle covered with amorphous organic layer that
acted as a binding agent for immobilizing sub-micron mineral fractions (inset in B). A layered sheet
structure (arrows) is characteristic of a phyllosilicate particle. (C) A 100-nm mineral fragment
embedded in organic material, becoming a part of the SOM ‘shell’ of encrusted immobilized
nanoparticles.

4. Discussion

4.1. Microbiomes of mesh bags and bulk soil

A selective microbial community established with biotite in the mesh bags demonstrated a
mineralogical effect on the process of microbial-mineral associations’ formation. Consistent and
specific orders of bacteria were present, with subsequent impacts on OMA formation, mineral
weathering, and SOM stabilization. Significant phylogenetic differences in alpha- and beta-diversity
were observed among the mineral-associated bacteria as compared to the source microbiome in bulk
soil (Fig 2), with the bacterial microbiome differing more than the fungal. These results are in
agreement with findings of others (Hutchens et al., 2010; Uroz et al., 2015; Colin et al., 2017; Kleber
et al., 2021) showing that the chemical constitution of minerals drives the structure of mineral-
associated microbial communities, as compared to the composition of bulk soil associated
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microbiomes. Our results also reflect reported observations of the decreased abundance of
Acidobacteria and the increased abundance of Proteobacteria in mineral-associated microbiomes as
compared to bulk soil microbiomes (Fig. 2A; (Lepleux et al., 2012; Ahmed et al., 2017; Colin et al.,
2017; Whitman et al., 2018). Betaproteobacteria, especially in the genus Burkholderia, are known for
their mineral-weathering capabilities, effectively mobilizing iron (Lepleux et al., 2012; Kelly et al.,
2016; Colin et al., 2017). The greater abundance of Betaproteobacteria inside the mesh bags
compared to the bulk soil (Fig. 2A) was consistent with microbially-mediated mineral weathering
ongoing in our study. (Ahmed et al., 2017) found that Verrucomicrobia, Proteobacteria,
Bacteroidetes, and Firmicutes were the most abundant bacterial phyla associated with mineral
surfaces, and their affinity for biotite has been explained by a higher concentration of iron cations
associated with biotite(Ahmed et al., 2017. The most abundant phyla associated with the mesh bags
observed in our study included Actinobacteria, Bacteroidetes and Proteobacteria (Fig. 2A), and we
consider them as selected for their ability to preferentially use the inorganic nutrients released by the
biotite, and as important players in the mineralosphere {Uroz, 2015 #53).

Pines exist naturally in a relationship with ectomycorrhizal and saprophytic fungi which play a role
in SOM decomposition (Phillips et al., 2014; Shah et al., 2016). These fungi must be considered in
any larger scale C and N process modeling, and we fully anticipated them to be present in both the
bulk soil and the mesh bag samples since the 50-pm mesh would not exclude them. Indeed, we found
a consistent presence of members of the Mucoraceae (div. Zygomycota) in all samples (Fig. 2B). In
addition, we observed Pezizomycetes, an important taxon of Ascomycota often symbiotically
associated with P. ponderosa ccc (Fujimura et al., 2005), both in mesh bags and bulk soil samples.
Pezizomycetes are comprised of saprotrophic, endophytic and mycorrhizal species, and without being
able to analyze the genomes of the fungi we detected at the level of genera, we assume that their role
was in support of other processes in the mycorrhizosphere, and not primarily in biotite colonization.
Dothideomycetes, a fairly well-represented taxon from a diverse division of Ascomycota, were more
abundant inside mesh bags than in the bulk soil (Fig. 2B). However, since we found no literature on
their mineral associations, we do not acknowledge their role in biotite weathering but rather their
ubiquitous presence in the soil.

4.2. Molecular composition of OM on biotite versus in bulk soil

High resolution FT-ICR mass spectrometry provided clear evidence of the microbial signature inside
the mesh bags, and in contrast, a higher content of plant signatures was observed in the bulk soil (Fig.
3). This was evident by the results of the VK diagrams where the newly produced OM associated
with biotite was found to be enriched in protein- (peptides) and lipid-like compounds - signatures of
microbial activity (Tfaily et al., 2014), whereas bulk soil would include more stabilized SOM with
plant signatures (lignin-like compounds). Previously (Raczka et al., 2021) showed that interactions
between microbial diversity and substrate chemistry determine the fate of carbon in soil. Further
hydrophobic substances, such as lipids, are known to play an role in driving organic carbon stability
in soils (Spaccini et al., 2002; von Lutzow et al., 2006). Recently (Song et al., 2013) revelated that
hydrophobic component of SOM such as lipids play an important role in the stabilization of soil
organic carbon and that the larger the lipid content of SOM, the greater the stability of organic
carbon(Song et al., 2013). Our results are therefore consistent with the fact that microbes associated
with minerals, and that the majority of the organic matter that was observed in the mesh bags came
from microbial biomass and cell envelope material. The enhanced production of lipid-like and
protein like compounds due to the localized microbial activity in the mesh bags could in return
influence a variety of interconnected processes ongoing in the rhizosphere (Kleber et al., 2015;
Qafoku, 2015). In particular, the interactions between microbially derived SOM and could lead to
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SOM stabilization (Kallenbach et al., 2016). For example, these newly produced compounds would
drive the adhesion of the newly synthesized organic matter onto mineral surfaces, and due to the
adhesive properties of organic matter, minerals form aggregates, creating an environment of physical
and chemical inaccessibility for further reactions and stabilizing the soil organic matter from
decomposition (Kleber et al., 2021) with significant impact on biogeochemical cycling in soil
ecosystems.

By nonmetric multidimensional scaling analysis (NMS), microbial community composition
correlated well with the composition of organic matter measured by FTICR MS in samples collected
at 6 months. Lipid-, protein- and unsaturated hydrocarbon-like compounds, and CHO compounds
with P or S were associated with soil from inside the mesh bags, whereas CHON compounds
(including CHONS, CHON:, and CHONSP) and amino sugar-, carbohydrate- and condensed
hydrocarbon-like compounds were associated with bulk soil.

4.3. Organic matter — mineral interactions

Rhizospheric organic components can act as binding agents for material adhesion to mineral
substrates (Phillips et al., 2014). The organic compounds identified in the mesh bags promoted
adhesion of soil material and microbes to biotite surfaces (Figs 1 and 5) and facilitated mineral
aggregation. As expected, biotite particles accumulated a significant amount of organic matter
associated with their edges and surfaces (Figs. 5,9 10 and 11). We assume some dissolved organic
matter, as well as <2 um particles from the bulk soil were carried into the mesh bag when water
percolated through its 50 um mesh (Figs. 1 and 6). In addition to their presence as finely dispersed
material and colloidal aggregates, these crystalline phases formed reactive coatings on mineral grains
and on fractured surfaces, and therefore had a great potential to control the ionic exchange of
constituents between solids and fluids, with water acting as a conduit.

Biotite edges showed high coverage of amorphous organic layers that caused expansion along
cleavage planes and intercalation between the biotite layers, which caused visible alteration to the
biotite structure (Fig. 11). We assume the intercalation we observed might be due to easier spatial
accessibility to microbial decomposition rather than to chemical lability, in accordance with the soil
continuum model presented by (Lehmann and Kleber, 2015). Their concept emphasizes the
importance of spatial inaccessibility, such as in microaggregates or pores, rather than SOM being
merely ‘stable in nature’ with regards to mineral protection of OM. The spatial inaccessibility can
provide a physical protection from further dissociation and from microbial attacks (von Lutzow et al.,
2006; Kaiser and Guggenberger, 2007; Lehmann and Kleber, 2015).

Physical stabilization of SOM originates from submicron to nanometer-scale weathered mineral
fragments released from their parent material and physically trapped in the adhesive EPS or SOM
(Fig. 12). These fragments are bound by a variety of bonds and forces, mostly based on their
chemical composition, charge and size, and incorporated into the perpetually changing SOM,
becoming the more robust, harder part of the adhesive and often hydrated portion that enrobes them
(Kogel-Knabner et al., 2008; Kleber et al., 2015). Chemical stabilization involving newly released
cations that first become adsorbed or absorbed to part of the SOM (Fig. 9) supports the idea of
microbial cation extraction during biotite weathering via local acidification, targeted excretion of
ligands, and mobilization of Fe, Al, Mg and K (Bonneville et al., 2016). The extracted cations can
undergo further reactions such as cation exchange and covalent bonding, or contribute to other
processes such as dissolution, precipitation, transformation of minerals and metals, redox and/or
complexation reactions involved in weathering and SOM stabilization. We previously mentioned
microbial EPS and its great adsorptive capacity, capable of participating in all these processes
(Fredrickson and Fletcher, 2001; Dohnalkova et al., 2011). Since EMF root tips in pine forest
ecosystems have high hydrolytic and oxidative enzyme activities (Jones et al., 2012), this chemical
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trait may be important not only while degrading organic substrates but also by releasing and re-
immobilizing inorganic components.

Furthermore, the process of gradual stabilization is accelerated when ion exchange occurs (Arocena
et al., 2012), and when coupled with the physical aspect of embedding mineral fractions (Kogel-
Knabner et al., 2008), the SOM often becomes completely encrusted and hardened (e.g. Fig 12). The
level of hydration that plays a critical role in SOM stabilization also must be considered, as seasonal
dehydration can increase its ionic strength and induce physical contraction, collapse, and
reorganization of the SOM macromolecular structures or the reverse processes that can occur when
hydration follows (Lawrence et al., 2009). Overall, although the chemical and physical parts of SOM
stabilization occur at different temporal and spatial scales, they take place conjointly, and both are
integral parts of the soil processes of mineral weathering and aggregation.

Biotite weathering induces the instability of interlayers, allowing cation exchange to alter interlayer
cation composition (Bonneville et al., 2016; Bower et al., 2016). This can lead to the formation of
biotite’s weathering products (Price and Velbel, 2014), as original biotite can gradually be replaced
by forms of vermiculite and/or smectite, or by other weathering products as neoformed kaolin-group
minerals and gibbsite. However, (Arocena et al., 2012) point out that the K-extraction process from
biotite is by no means simple. The transformation of biotite and K-uptake depends on the plant-
fungus symbiotic system, and the formation of clay minerals will then be a function of plant type and
symbiotic relations in the soils. In our study, we could not confirm and quantify the secondary
mineral formation because a small amount of bulk soil material was transported into the mesh bags
via soil water infiltration (Figs. 1 and 6). None the less, the XRD results indicated subtle mineral
transformation (Fig. S2) and a slight decrease in crystallite size and a slight increase in amorphous
content (Fig. S3). Although, due to low number of replicates (4) and limitations of separating
potentially infiltrated bulk soil particles from the in-situ formed secondary materials of mesh bag
minerals, we interpret these results cautiously (see S3. Supplementary Discussion).

The observed weathering features reflect our perception of alteration of the 2:1 biotite sheet; and such
texture can provide evidence that the biotite silicate sheet portion was conserved during biochemical
weathering. In Fig. 13 we present the analogy of weathered biotite with a model mica structure,
viewed along the phyllosilicate sheets: the potassium-rich interlayers create planes of vulnerability
towards preferential cleavage, and when these cations are liberated from the structure by microbial
OM, a nano-scale failure of structural integrity occurs.

t\

—
1B

Figure 13. Conceptual model of biotite weathering. SEM image of control biotite (A) and biotite
after 6 months in soil, with organic matter deposition causing biotite expanded layers, a sign of
mineral weathering (B). Atomic representation (not to scale) of K* cation release from biotite by OM.
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Image of the crystal structure of biotite viewed along the phyllosilicate layers created in the software
Mercury (The Cambridge Crystallographic Data Centre) (C).

5. Conclusions

We have shown linkages among organo-mineral associations and organic carbon processes that were
driven by newly formed organic matter produced by microbial activity in mesh bags with biotite (and
in particular lipid-like compounds), resulting in association of OM on mineral surfaces and mineral
weathering. We conclude that the dynamics of microbial colonization of mineral surfaces in soil are
foundational to the stabilization of SOM and to soil organic C cycling, and that multiple approaches
must be combined to gain insight into soil processes on larger scales.
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