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Abstract

To improve our understanding of early microbial colonization of pristine minerals and their group-specific C utilization, we
exposed minerals (illite/goethite/quartz) amended with artificial root exudates (ARE, glucose, and citric acid) in grassland soils
for a period of 24 weeks. FTIR spectra indicated that mineral-associated ARE were used within the first 2 weeks of exposure and
were replaced by other carbohydrates derived from living or dead cells as well as soil-borne C sources transported into the
mineralosphere after heavy rain events. Fungi and Gram-positive bacteria incorporated ARE-derived C more rapidly than Gram-
negative bacteria. Gram-negative bacteria presumably profited indirectly from the ARE by cross-feeding on mineral-associated
necromass of fungi and Gram-positive bacteria. The Gram-negative bacterial phyla Verrucomicrobia, Planctomycetes,
Gemmatimonadetes, Armatimonadetes, and Chloroflexi showed a positive correlation with Gram-negative PLFA abundances.
After 24 weeks of exposure in the grassland soils, abundances of soil microorganisms in the mineralosphere reached only 3.1% of
the population density in soil. In conclusion, both bacteria and fungi slowly colonize new surfaces such as pristine minerals, but
quickly assimilate artificial root exudates, creating an active microbial community in the mineralosphere.
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Introduction

The survival and functioning of soil microorganisms in terres-
trial ecosystems depend on interactions between biotic and
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abiotic (chemical and physical) components of the soil
(Erktan et al. 2020; Seaton et al. 2020). Whereas the coloni-
zation of some microhabitats, such as the rhizosphere,
detritusphere, and drilosphere, is well studied under natural
environmental conditions (Hiinninghaus et al. 2019;
Johnson-Maynard and Strawn 2016; Poll et al. 2008), studies
of the microbial life associated with minerals are rare. The
surface of soil minerals represents a biogeochemical interface,
where the organic and inorganic constituents of the soil come
together (Totsche et al. 2010). Besides the fundamental work
of Stotzky (1986) about microbial associations to soil min-
erals, Uroz et al. (2015) provided a conceptual framework of
the importance of microorganisms colonizing clay-sized min-
erals (< 2 um), which are the most reactive inorganic soil
constituents. They defined the mineralosphere as the specific
interface and habitat encompassing mineral surfaces and the
surrounding soil, i.e., the sphere that is physically, chemically,
and biologically influenced by minerals. The focus of previ-
ous studies on microbe-mineral interactions improved our un-
derstanding of mineral weathering (Ahmed and Holmstrom
2015; Hagenberg et al. 2003), microbial colonization of
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different minerals (Sun et al. 2020), and the decomposition of
mineral-associated organic matter (Chenu and Stotzky 2002;
Wang et al. 2019). However, studies investigating the
mineralosphere in a natural soil are limited (Leinemann et al.
2018; Wang et al. 2017; Whitman et al. 2018).

In natural environments, not only the types of minerals but
also the amount and composition of organic substrates play
important roles in the abilities of different soil microorganisms
to colonize the mineralosphere. While rather poorly degrad-
able C resources enter soils mainly as plant debris such as leaf
and root litter, labile C resources originate mainly from
rhizodeposition, which is a major source of C for soil micro-
organisms (Liliensiek et al. 2012). The most labile C compo-
nents in rhizodeposition are root exudates (Grayston et al.
1997), which consist predominantly of sugars, amino acids,
and organic acids (van Hees et al. 2005). They are known to
increase soil microbial activity and abundance and to affect
microbial community composition (Grayston et al. 1997;
Rovira 1969; Strickland et al. 2015; Vieira et al. 2020).
Glucose, glycine, and oxalic and citric acids have frequently
been used to study the microbial response after addition of
artificial root exudates (Eilers et al. 2010; Strickland et al.
2015). Any organic compound entering the mineralosphere
may be either directly bound to pristine minerals or first proc-
essed by microorganisms with subsequent adsorption to min-
eral surfaces.

Microorganisms in the mineralosphere have two different
and opposing functions in the C cycling of mineral-associated
organic substances: microbial assimilation of mineral-
associated organic substances and oxidation and depolymeri-
zation of SOM promoting the formation of SOM-mineral as-
sociations leading to SOM stabilization (Lehmann et al. 2020;
Wang et al. 2017). The concept of using artificial soils to
create a pristine environment for soil development has been
used (Babin et al. 2013, 2014; Ditterich et al. 2016;
Hemkemeyer et al. 2014; Kallenbach et al. 2016; Vogel
et al. 2014) to study the composition, succession, and C use
of soil microorganisms as they colonize pristine organo-
mineral surfaces. Babin et al. (2014) detected differences in
bacterial and fungal community composition of artificial soils
amended with easily available vs. rather complex C resources.
Stable-isotope techniques (SIP) have made it possible to track
C flow from substrates into different groups of microorgan-
isms in soils (Kramer et al. 2016; Paterson et al. 2008). These
studies yielded evidence of group-specific use of labile and
complex C sources. The study of Kandeler et al. (2019) is one
of the first to explore microbial succession and C use by
mineral-associated microorganisms under field conditions.
Microorganisms colonizing mineral containers (illite/goe-
thite/quartz) for up to 2.5 years had access to labeled
Dactylis glomerata and Lolium perenne roots as a complex
substrate. Fungi colonized pristine mineral surfaces in grass-
land soils more rapidly than bacteria because hyphae reached
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and assimilated substrates associated with new surfaces faster
than bacteria, which rely primarily on passive transport in soil.
Furthermore, mineral-associated microorganisms were more
active than those microorganisms in the bulk soil of the grass-
land sites (Kandeler et al. 2019).

Nevertheless, information on the dynamics of C incorpora-
tion into mineral-associated microorganisms that have access
to easily available root exudates bound to minerals under field
conditions is lacking. Our approach exposed organo-mineral
complexes, represented by pristine minerals loaded with ARE,
in mineral containers in the topsoil of ten grassland sites of
different land-use intensities of the Biodiversity Exploratories
at the Schwibische Alb (south-west Germany). Whereas
Vieira et al. (2020) used the same experimental set-up as the
present study to describe bacterial community succession dur-
ing one season, we present high-resolution temporal data on
both the succession of organic compounds associated with
minerals and of bacterial and fungal C use dynamics over
one growth season. Specifically, we hypothesized that (1)
the mineral-associated organic matter will be modified by col-
onizing microorganisms and/or by the input of soil-derived
DOC; (2) both bacteria and fungi will use the ARE-derived
C in the early phases of mineral colonization, but fungi will
reach the minerals and the substrate faster than bacteria due to
their hyphal growth pattern; and (3) soil-derived C from the
local environment of grassland sites will be substituted for the
ARE-derived C in bacteria and fungi in the later phases of
exposure, and the extent of this C replacement may depend
on the land-use intensity of the grasslands. Further, the sub-
stitution process may be specific to individual groups of soil
microorganisms (Gram-positive bacteria, Gram-negative bac-
teria, and fungi).

Material and methods
Study sites

The experimental sites are part of the long-term research plat-
form German Biodiversity Exploratories (Fischer et al. 2010)
(www.biodiversity-exploratories.de) and are continuously
farmed by their owners under different land-use intensities
(LUI). We selected five low and five high LUI grassland sites
according to the LUI index developed by Bliithgen et al.
(2012). Sites characterized by low LUI were not fertilized,
mown only once a year, and grazed by sheep for one to 5 days
per year, mainly in early summer or early autumn (Table S1).
High LUI sites were highly fertilized and mown three times a
year or were intensively grazed by cattle, horses, or both. In
addition to LUI, experimental sites were selected for similar
climatic conditions, soil type, and soil pH (Kandeler et al.
2019). The soils at all sites were Rendzic Leptosols (IUSS
Working Group WRB 2015) with an average pH of 6.4 (pH
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range 5.7-7.0). The sum of precipitation and average daily
temperature during the experiment (May to November 2015)
were 328 mm and 8.6 °C, respectively (Fig. S1). Total C and
N contents differed between the sites based on their LUI
(Boeddinghaus et al. 2019) with C and N content of 74.7 g C
kg™ soil and 6.3 g N kg™ soil in low and 71.7 g C kg™ soil and 7.
2 g N kg™ soil in high LUI sites. This resulted in a C/N ratio of
11.0 for low LUI as compared to 9.8 for high LUI sites.

Experimental design

The field experiment was installed on 4 x 4 m plots within
each of the ten grassland sites. The 16 m” area was divided
into 64 equal subplots of 25 x 25 cm. On May 28, 2015, we
buried 15 containers filled with an ARE-loaded mineral mix-
ture, each in one randomly chosen subplot per plot. A soil
block of about 18 x 18 cm and 8 cm depth was excavated
with a spade in the center of each subplot, and a mineral
container was laterally inserted into the main rooting zone
(Fig. S2). The containers were composed of
polyvinyl chloride (PVC) with a diameter of 7 cm and
a height of 1 cm. Tops and bottoms of the containers were
covered with 50 um mesh gauze (SEFAR NITEX®, Sefar
AG Heiden, Switzerland), which excludes roots but enables
microbial invasion and thereby colonization. The containers
were filled with 30.8 g mineral mixture. This mixture was
artificially mixed to resemble the qualitative and quantitative
composition of Rendzic Leptosols and consisted of 71.4%
illite (Inter-ILI Mérndki Iroda, Hungary), 9.6% goethite
(Bayferrox® 920, Lanxess Deutschland GmbH, Kéln,
Germany), 17% silt-sized (Millsil W11 H), and 2% sand-
sized (Quartz Sand Haltern, H33) quartz (Quarzwerke
GmbH Frechen, Germany) (see Kandeler et al. 2019). The
quantity of minerals in the containers was adjusted to conform
to the average top soil bulk density (0.75 g cm™) of the ten
sites (Boeddinghaus et al. 2019). The pure mineral mixture
was characterized, per gram dry mass, by 1.49 pug exchange-
able NH4™-N, 0.04 ug NO;™-N, 8 pg P, 437 ug K, 0.34 mg
Corg, and 0.12 mg N, and a pH of 5.3. Exchangeable NH,"-N,
NO;™-N, and N; were analyzed as described in Kandeler et al.
(2019). Plant-available P and K were extracted according to
Bray and Kurtz (1945) and pH was measured in 0.01 M CaCl,
solution. The relative distribution of exchangeable cations was
0.3% (Na), 10.3% (K), 25.2% (Mg), and 65.2% (Ca). Given
the parent material of the soils and the pH conditions, we can
exclude distinct changes in the distribution of these cations.
Particularly, we can exclude the initial presence of exchange-
able Al ions or their accumulation during the field exposure.
As the point of zero charge of Fe oxides is > 7, we can take
little positive charge on the goethite surface as given, balanced
by adsorbed anions.

The pure mineral mixture of each container was loaded
with 2.95 mg glucose and 1.37 mg citric acid, as these are

amongst the main substances excreted by roots (Rovira
1969). The ARE consisted of 68% '*Cg-labeled glucose
(CAS Number 110187-42-3, Sigma-Aldrich Chemie GmbH,
Munich, Germany) and 32% 13C; citric acid (CAS Number
287389-42-8, Sigma-Aldrich Chemie GmbH, Munich,
Germany), which were diluted 1:4 beforehand with unlabeled
12C glucose and citric acid, respectively. To avoid nutrient
limitation, we added ammonium nitrate to ensure a similar
C:N ratio in the mineral mixtures to that of the topsoil of the
ten grassland sites (C:N ratio mineral mixture = 10, average
across ten sites = 10.4) and to be within the average rate of
C:N ratios of root exudates of 2.5 to 13 as summarized by
Grayston et al. (1997). To ensure attachment of the ARE to
the mineral mixture, we dissolved ARE and ammonium ni-
trate in 0.01 M CaCl, and pipetted 15 ml of this solution into
the 30.8 g mineral mixture, ensuring uniform moistening by
avoiding leaching. When fresh ARE mineral mixtures were
tested by rinsing with water, a maximum C loss of only 5%
was found. The mineral mixtures were not sterilized, as this
can change the physical and chemical properties of the min-
eral mixture and the ARE (Bemns et al. 2008; McNamara et al.
2003). The bacterial community of the original mineral mix-
tures was investigated in detail in a previous study (Vieira
et al. 2020), showing that most of the bacterial sequence var-
iants detected in the mineral mixtures after exposure were not
present before the burial of the minerals. C,;. and PLFA
abundances were both detectable in the original mineral mix-
ture, but were much lower than after exposure (Table S1).

Sampling design

Three randomly selected containers were excavated from each
grassland site two (June 11, 2015), four (June 25, 2015), nine
(July 27, 2015), 17 (September 24, 2015), and 24 (November
11, 2015) weeks after the start of the experiment. In addition
to the mineral containers (“minerals”), “adjacent soil” samples
were taken, consisting of the pooled soil sampled within 1 cm
above and below the containers. As a third sample, “control”
soil samples were taken randomly from three subplots in each
grassland site without container addition at 7 cm depth. All
samples were transported on ice bags in cooling boxes to the
laboratory and stored at 4 °C until further preparation. In the
laboratory, we controlled potential root ingrowth into the
mesh of mineral containers by microscopic inspection. We
could not detect any root ingrowth; consequently, only very
fine roots might have contributed to the organic matter in-
side the mineral containers. Three samples from each type
(minerals, adjacent soil, control) were combined plot-wise
during sieving. Minerals were sieved < 2 mm; soil samples
were sieved < 5 mm and roots and stones were removed.
After sample preparation, aliquots were stored at -24 °C for
further analysis. Gravimetric water contents of soil and
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mineral samples were determined by drying 5 g of sample
at 60 °C for at least 72 h to constant mass.

Field measurements

Precipitation and air temperature 2 m above ground, as well as
soil moisture and soil temperature at 10 cm depth, were record-
ed at the sites using an ADL-MX Datalogger System equipped
with DeltaT ML2X Soil Humidity Probe, MNT FExtension
2010 Soil and Ground Surface Temperature Sensor, and a
MELA KPC1/5-ME & #IAK1.00.F137.520.CS8 Humidity
and Air Temperature Sensor (Biodiversity Exploratories
Instrumentation Project (BEXIS dataset ID 19007)). As precip-
itation was only recorded on three plots during the experimental
period, we used mean values across all plots for each sampling
date in addition to the individual measurements at each plot for
correlation analyses.

Analyses
Fourier-transform infrared spectroscopy

We analyzed pure mineral mixtures and mineral mixtures
loaded with ARE by Fourier-transform infrared (FTIR)
spectroscopy in diffuse reflectance mode. We diluted the
samples 1:10 with KBr, previously ground to powder and
dried overnight at 105 °C. The sample and KBr powder
were homogenized with a mortar and pestle, transferred
into a sample cylinder and the top was leveled off (without
pressure). We recorded 250 spectra per sample with the
external DRIFT (diffuse reflectance infrared Fourier trans-
form) module of a LUMOS infrared microscope (Bruker,
Ettlingen, Germany) at a resolution of 4 cm™ in the spectral
range of 4000 to 600 cm™'. The background was recorded
against pure KBr. All spectra were normalized to the ab-
sorption band at 36503610 cm™ of the OH-stretching vi-
bration of octahedral illite sheets. In order to identify
changes in the composition of organic matter present in
the mineral mixtures during the field experiment, we
subtracted the spectrum of the loaded mineral mixture at
the start of the experiment from the respective sample
spectra. We characterized the artificial exudates by
subtracting the spectrum of the pure mineral mixture from
the spectrum of the loaded mixture at the start of the
experiment. Peak assignment was done according to
Parikh et al. (2014). For comparison of FTIR spectra
between the different treatments (high and low LUI) and
between sampling dates, we used integrated absorption
bands (main band between approximately 1032 and 990
cm’, smaller bands at 1075-1060 cm™' (partially expressed
as shoulder) and 942-912 cm™).
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G, N, and 3C

To determine organic C as well as 5'°C values, 4 g of soil and
minerals was dried at 60 °C for 72 h and subsequently ground
in a ball mill (Retsch GmbH & Co KG, Haan, Germany).
Carbonates were removed by treating 100 mg of ground sam-
ples with 100 pl of 1 M HCl and drying for an additional 48 h
at 60 °C. Samples were homogenized using mortar and pestle.
Afterwards, 2040 mg samples were measured with a coupled
system consisting of an elemental analyzer (NA 1500, Carlo
Erba, Milan, Italy) and an isotope ratio mass spectrometer
(MAT 251, Thermo Finnigan, Bremen, Germany). The natu-
ral isotope abundance was described by the delta notation.

Extractable organic C (EOC) and extractable total N (ETN)
were determined using the non-fumigated samples from the
CFE analyses. Nitrogen content in minerals was near the de-
tection limit and reliable values could not be obtained.
Therefore, we only report the N content in the soil compart-
ments. 5'*C-EOC was determined as described for 613Cmic.
Calculation of % ARE-derived C in C,; and in EOC of the
minerals was done using the following equation:

5" Crninerals 0" C i
%ARE—derived C — ‘minerals control soil % 100 ( 1)
dB3Care

To determine ARE-derived C for C,,, and EOC in adjacent
soils, 613Cminerals was replaced by 613‘Cadjacent soil-

Microbial biomass C and N and resource use

Microbial biomass C (C,;.) and N (N,,,;c) were determined
using the chloroform fumigation extraction (CFE) method ac-
cording to Vance et al. (1987). Soil and minerals were thawed
and 4 g field moist soil and 5 g field moist minerals were
fumigated under vacuum with ethanol-free chloroform for
24 h. After removing the chloroform, soil samples were ex-
tracted with 32 ml and mineral samples with 20 ml 0f 0.025 M
K,SO4 on a horizontal shaker at 250 rpm for 30 min. Samples
were then centrifuged for 30 min at 4420 g to yield a clear
supernatant (Marhan et al. 2010). To remove potentially pres-
ent inorganic C, 60 pl of 1 M HCI was added to the superna-
tant of each sample. Organic C and total N were measured
using a TOC-TNb Analyzer (Multi-N/C 21008, Analytik
Jena, Germany). It cannot be fully excluded that fine root—
derived C contributed to chloroform-labile C in soil samples,
even though all visible roots were removed prior to fumigation
(Mueller et al. 1992). A second set of samples was extracted
using the same approach, but without fumigation. Microbial C
content was determined by the difference between C content
of non-fumigated and C content of fumigated samples and
calculated using a kgc factor of 0.45 (Joergensen 1996).
Microbial N content was calculated accordingly, but using a
kg factor of 0.54 (Brookes et al. 1985). In minerals, N,,,;. was
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close to the detection limits, such that reliable values could not
be obtained. Therefore, we report the microbial N content of
the soil samples only.

5'>C in C e was determined by evaporating 10 ml of fu-
migated and non-fumigated extracts at 60 °C in a rotatory
evaporator (RVC 2-25, Martin Christ, Osterode am Harz,
Germany) (Marhan et al. 2010). Afterwards, a minimum of
5 pg C per sample was weighed into tin capsules. Samples
were analyzed with an elemental analyzer (Euro EA 3000,
EuroVector, Milan, Italy) coupled with an isotope ratio mass
spectrometer (IRMS, Delta Plus XP, Thermo Finnigan MAT,
Bremen, Germany). The 5'°C values were expressed relative
to Vienna Pee Dee belemnite (V-PDB). As a laboratory refer-
ence, acetanilide (CgHoNO, Merck, Germany) and glutamic
acid (USGS-40 (IAEA, Austria; 5'°C -26.39 + 0.04%0) were
used. The following equation expresses the calculation of the
513C in Cpic:

si3c.. onf—cf x of
mic — cnf—cf

where cnf is the mass extracted organic C of the non-
fumigated samples, cf the mass extracted organic C of the
fumigated samples, and dnfand 5f the respective §'°C values.
To calculate the relative proportion of ARE-derived C in Cyc,
Eq. (1) was used.

(2)

Composition of main microbial groups and resource
use

Phospholipid fatty acids (PLFAs) of Gram-positive
bacteria (i15:0, al5:0, i116:0, i117:0), Gram-negative
bacteria (cy17:0, cy19:0), and saprotrophic fungi (18:2w6,9)
were used as biomarkers to describe soil main microbial groups
according to Ruess and Chamberlain (2010). There is still a
debate as to whether or not some biomarkers common to a cer-
tain group of microorganisms might be also found in smaller
amounts in other organisms. For this reason, we only selected
PLFAs with a specific, internationally widely accepted biomark-
er function (Joergensen and Emmerling 2006). Extraction of
PLFAs was performed after Frostegard et al. (1991). Briefly,
field moist mineral and soil samples were thawed; 2 g soil and
20 g minerals were used for the extraction of neutral lipids and
phospholipids. Alkaline methanolysis was used to transform
PLFAs into fatty acid methyl esters (FAMEs), which were mea-
sured by gas chromatography (AutoSystem XL, PerkinElmer
Inc., USA). For a detailed description of the method, see
Kramer et al. (2013). The variable amounts of markers for the
different microbial groups, as well as their varying content in
single cells, are the reasons why we compare the differences
between microbial groups only relatively.

The 5'*C-PLFA values were determined as described by
Miiller et al. (2016) using a HP 6890 gas chromatograph

(Agilent Inc., USA) coupled via combustion III interface
(Thermo Finnigan, USA) to a Delta Plus XP mass spectrom-
eter (Thermo Finnigan MAT, Germany). The §'°C values
were expressed relative to Vienna Pee Dee belemnite (V-
PDB). For the correction of the 5'3C values, a mass balance
equation was used following methanolysis (5'°C value of
methanol —40.23%o) according to Denef et al. (2007).
Percent ARE-derived C in PLFAs was calculated using Eq.
(1). To determine the proportion of ARE-derived C for PLFAs
in the adjacent soil samples, 613Cmme,als was replaced by
613Cadjaoent soil-

Mean absolute incorporation of ARE-derived C into the
different microbial groups measured by PLFA was calculated
by multiplying the percent ARE-derived C by the mass of C-
atoms in the respective FAME. The content of ARE-derived C
assimilated by each microbial group (i.e., Gram
positive bacteria , Gram negative bacteria, and fungi), was
calculated by summing the ARE-derived C of the respective
individual FAMEs per microbial group (ng ARE-derived C
g soil DM).

Bacterial growth

Bacterial growth rate was determined using the methods of
Baath (1994) and Baath et al. (2001). To measure the incor-
poration of *H-labeled leucine (Leu) into bacteria, 0.4 g of
field moist sample (soil and minerals) was mixed with 5 ml
purified water and centrifuged for 10 min at 1000 g. A sub-
sample of 1.5 ml from the bacterial suspension was incubated
for 2 h at 20 °C in the dark with a mixture of labeled and non-
labeled Leu suspension, resulting in a final concentration of
275 nM Leu [3H]Leu (37 MBq ml ™" and 5.74 TBq mmol ',
PerkinElmer, UK). Afterwards, bacterial growth was inhibited
using 100% trichloroacetic acid and the unincorporated Leu
was washed out through several washing steps (Baéth et al.
2001). The incorporated radioactive label was measured by
liquid scintillation. Bacterial growth was represented by the
incorporated 3H-Leu and was expressed as picomole Leu in
extracted bacteria g™ dry matter soil h™.

Fungal growth and biomass

Fungal growth was estimated using the method of Baath et al.
(2001) with adaptations by Rousk et al. (2009), which make
use of the ability of fungi to incorporate acetate into ergoster-
ol. For this, 0.4 g fresh soil or minerals were transferred into a
10 ml glass tube and a mixture of 20 ul 1-["*CJacetic acid
(sodium salt, 2.04 GBq mmol™!, 7.4 MBq ml™!, Perkin
Elmer, USA) and unlabeled acetate was added, resulting in a
final acetate concentration of 220 uM. Samples were incubat-
ed for 6 h at 20 °C in the dark. After phase separation and
specific preparation steps, the quantity of ergosterol was mea-
sured using HPLC with a UV detector (282 nm) (LaChrom
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Elite system with a Chromolith column (VWR-Hitachi)) and
methanol (2 ml min™) as the mobile phase. The ergosterol
fraction was separated with a fraction collector as described
by Rousk and Baath (2007). The incorporated *C acetate in
ergosterol was measured using liquid scintillation. Ergosterol
concentration corresponded to the fungal biomass, whereas
the detected radioactivity, expressed as picomoles per gram
soil per hour, represented fungal growth.

Molecular analyses of bacterial communities

The relative abundances of 16S rDNA amplicon sequence
variants (V3 region) of bacterial taxa were determined by
DNA analyses as described in Vieira et al. (2020). A Naive
Bayes classifier was used for taxonomic classification of rep-
resentative sequences. Bacterial phyla were grouped into
Gram-negative, Gram-positive, and unknown Gram status ac-
cording to Rosenberg et al. (2013). High-throughput 16S
rRNA gene amplicon sequencing enables bacterial communi-
ty analysis at high taxonomic resolution, i.e., at sequence var-
iant (SV) level. In contrast to PFLA, taxonomic entities are not
determined as absolute quantities but rather in terms of rela-
tive abundance. Despite some limitations (Hugerth and
Andersson 2017), amplicon sequencing has widely enabled
significant insights into bacterial community composition
(Delgado-Baquerizo et al. 2018; Thompson et al. 2017).

Statistical analysis

All statistical procedures were carried out in R version 3.6.0
(R Core Team 2019). We used linear mixed- effect models to
evaluate the randomized split plot design of the study with the
Imer function from the /me4 package (Bates et al. 2015). The
following general model structure was used for the soil sam-
ples, where we tested the effects of land-use intensity; soil
sampling location, i.e., control or adjacent soil; and sampling
time as independent variables:

Vi =p+ai+ B+ + (CVﬁV)ijk +ri+bi+ceu+emu (3)

For mineral samples and 13C results of the adjacent soil, we
tested the effects of land-use intensity and sampling time as
independent variables by using the following general model
structure:

Vit = B0 v+ (aY)p + 11+ e (4)

where y;;, is the value of the response variable for the ith level
of LUI and jth soil sample location at the kth sampling time in
Ith site, 1 is the general mean, «; is the main effect of the ith
level of LUI (abbreviated as “LUI” in the figures), 3; is the
main effect of soil sampling location, ~; is the main effect of
the kth sampling time (abbreviated as “7” in the figures),
(aBy)y is the interaction between the main effects, 7; is the
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random effect for site, bj; is the random effect for the jth soil
sampling location at the /th site, ¢, is the random effect for the
kth sampling time at the /th site, and e;;, is the error. If differ-
ences between low and high LUI were not significant, we
showed the mean values for all ten sites.

Differences in the composition of main microbial groups
measured as PLFAs between adjacent soil, control soil, and
minerals as well as between the different sampling dates with-
in the mineral samples were analyzed by linear discriminant
analysis using the /da function of the MASS package
(Venables and Ripley 2002). The ggord package (Beck
2018) was used to calculate and display 95% confidence in-
tervals based on weighted covariance matrices. Abundance
effects that differed between sampling times or treatments
were excluded by calculating the relative amounts of single
microbial PLFAs as percent of the total number of PLFAs (n
= 27) measured in a sample.

To express differences between the minerals and the con-
trol soil, we calculated the percentage of control soil values in
minerals for any variable x as:

Xminerals
X%of control in minerals = ——— X 100 (5)
Xcontrol

Results
Composition of mineral-associated organic matter

The differences in FTIR spectra between the pure mineral
mixture and those loaded with ARE indicated that loading of
the minerals was successful at the beginning of the experiment
(Fig. 1a). These spectra corresponded to 54.7 ng of ARE-
derived C (glucose and citric acid) associated with the pristine
minerals. Nevertheless, the intensity of the ARE-derived
bands of, for instance, carboxylic acid compounds had already
declined after 2 weeks of exposure in the grassland soils,
corresponding to one-third of the initially loaded ARE. A very
broad absorption band (between 1150 and 885 cm™) of newly
formed organic compounds, typically assigned to C-O-C and
C-OH stretching vibrations of polysaccharides and
polysaccharide-like compounds, was found in all of the ex-
posed minerals as soon as 2 weeks after exposure (for an
example, see Fig. 1b; for FTIR results of all sites, see Fig.
S3). However, the peak areas of the integrated absorption
bands did not change over time and were not affected by LUL

Quantity of mineral-associated organic C fractions
(Corgr EOC, Cpnic)

The C,, content in the minerals increased rapidly from an
initial value of 281 pug C g (sum of Corg in the original
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Fig. 1 Partial (2100600 cm™) a
difference FTIR spectra for a

mineral mixtures loaded with 4-
artificial root exudates relative to
the unloaded mineral mixture
before incorporation into the soil
(= loaded—pure) with peak
assignment according to Parikh
et al. (2014) and b the buried
mineral mixture at all sampling
dates (two to 24 weeks after start)
relative to the loaded mineral
mixture at the start of the
experiment, here as an example
from site AEG07
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minerals plus ARE-derived C) to about 900 pg g™ during the
first 2 weeks of exposure, decreased after 4 weeks of expo-
sure, and increased subsequently up to 17 weeks of exposure
(Fig. 2a). The content of extractable organic C (EOC) de-
creased until week 4, then increased, reaching the highest
values after 24 weeks of exposure in the grassland soils (Fig.
2a). When related to C,, EOC content also increased over
time (7% Fy 29 = 31.14, p < 0.001) (Table S2). Microbial
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biomass C (C;.) steeply increased to week 4, more weakly
increased to week 17, then decreased slightly (Fig. 2a).
ARE-derived C in C,,, strongly decreased from an initial
value of 54.7 ug g™’ to on average 17.9 ug g (reduction by
67%) after 2 weeks of exposure and decreased steadily there-
after until 24 weeks (Fig. 2b). The relative amount of ARE-
derived C in C,, also significantly decreased between the start
of'the experiment and 24 weeks of exposure, from 2.1% (SD +
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Fig. 2 a Carbon content in soil organic C (C,,,), extractable organic C
(EOC), and microbial biomass (C,,;.) per g dry matter (DM) of mineral
mixtures and b content of artificial root exudate (ARE)—derived C in Cyg,
EOC, and C,,;.. No LUI effects were found; therefore, n = 10, mean + SD.
Significance of the sampling time (7)) effect is indicated by ***p < 0.001
and **p =0.001 <p < 0.01

0.5%) to 1.2% (SD + 0.2%) (Table S2, S3). The content of
ARE-derived C in EOC fluctuated between the sampling dates
but did not show a trend over time (Fig. 2b). In contrast, the
relative amount of ARE-derived C in EOC decreased by half
over time and was higher in minerals buried in low than in
high LUI grassland sites (Table S2, S3). The quantity of ARE-
derived C in C,;. was highest after 2 weeks and steadily
decreased afterwards (Fig. 2b), representing relative contribu-
tions of ARE-derived C to C,,;. of 12.2% after 2 weeks and to
less than 5.0% at the following samplings (Table S2). LUI had
neither an effect on C,, nor on the ARE-derived C in the C,,,
and Cp,;c pool.

While bacterial growth rates showed a general increase
over time, fungal growth rates fluctuated and did not show a
temporal trend, neither did ergosterol content (Table S2, S3).

The abundances of Gram-positive and Gram-negative bac-
teria as well as that of fungi significantly increased over time
(Fig. 3a). The increase in bacterial abundance was most pro-
nounced between four and 9 weeks of exposure, whereas the
strongest increase in fungal abundance occurred earlier, be-
tween two and 4 weeks. While Gram-positive bacterial abun-
dance further increased throughout 24 weeks of exposure,
Gram-negative bacterial abundance reached a plateau from
17 weeks on. The increase in fungal abundance was less steep
than the increase in Gram-positive bacterial abundance, but
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Fig. 3 a Content of fatty acid methyl esters (FAMEs) from phospholipid
fatty acids (PLFAs) for Gram-positive (Gram+) bacteria, Gram-negative
(Gram—) bacteria, and saprotrophic fungi (fungi) (» = 10, mean + SD). b
Content of artificial root exudate (ARE)—derived C in PLFA FAMEs of
Gram-positive bacteria, Gram-negative bacteria, and fungi (» = 10, mean
+ SD) in minerals. Significance of the sampling time (7) effect is
indicated by ***p < 0.001 and *0.05 < p < 0.1

comparable to that of Gram-negative bacteria, considering the
entire experimental period. Discriminant function analysis
based on single PLFAs across all sampling time points indi-
cated a shift within the microbial communities from the first to
the last sampling, even though the main microbial groups
established did not significantly differ from each other (Fig.
S4a and Table S4a).

The absolute (Fig. 3b) as well as the relative (Table S2)
amount of ARE-derived C decreased over time slightly in
Gram-positive bacteria but was more pronounced in
saprotrophic fungi. In Gram-negative bacteria, the relative
amount of ARE-derived C also decreased from week four
on, though less pronounced than in the other two microbial
groups (Table S2); together with their increase in abundance,
this led to increasing absolute amounts of ARE-derived C in
Gram-negative bacteria over time (Fig. 3b). The decrease in
the relative amount of ARE-derived C was steepest in fungi;
in this microbial group alone, LUI had an effect. A generally
higher proportion of ARE-derived C was detected in fungi
inhabiting minerals buried in low than in high LUI soils
(Table S2).

As Gram-negative bacteria behaved differently in compar-
ison to the other microbial groups, we took a closer look using
next-generation sequencing data. The bacterial phyla from
Vieira et al. (2020) were assigned to Gram-negative, Gram-
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positive, or unknown Gram reaction depending on the pre-
dominant properties of each phylum (Rosenberg et al. 2013).
By combining this information with Spearman correlations
between Gram-negative PLFA abundance and relative abun-
dances of the detected phyla, we found that the total relative
sequence abundance of Gram-negative bacteria was positively
correlated with Gram-negative PLFAs (» = 0.31, p = 0.028).
The Gram-negative bacteria in the mineral mixture consisted
mainly of Proteobacteria, Bacteroidetes, Verrucomicrobia,
Acidobacteria, Planctomycetes, Chloroflexi,
Gemmatimonadetes, and Armatimonadetes. Of these,
Proteobacteria and Bacteroidetes were the highest in relative
abundances, but were not positively correlated to Gram-
negative PLFA abundance (Fig. S5a). Instead, the relative
abundance of bacterial phyla Verrucomicrobia,
Planctomycetes, Gemmatimonadetes, Armatimonadetes, and
Chloroflexi was positively correlated with Gram-negative
PLFA abundances. The relative abundance of the phyla
Cyanobacteria, Tenericutes, and Poribacteria
was negatively correlated with the abundance of Gram-
negative PLFAs as well, but had very low relative abundances
and are therefore not further considered.

Of the Gram-positive bacterial phyla, Actinobacteria,
Firmicutes, and Deinococcus-Thermus were detected. Of
these, the Actinobacteria were most abundant, but not corre-
lated with Gram-positive PLFA abundance, while the relative
abundances of Firmicutes and Deinococcus-Thermus were
negatively correlated with Gram-positive PLFA abundances
(Fig. S5b).

Comparison of C,,g, EOC, Cy,i, and PLFAs between
minerals and surrounding soil

In general, colonization of the mineral mixture newly intro-
duced into the grassland soil was slow. C,,;c reached on aver-
age 2.3% (SD =+ 0.7%) of the control soil after 17 weeks of
exposure before it dropped again to 1.9% (SD =+ 1%) after 24
weeks (Table S2). Regarding the different microbial groups,
saprotrophic fungi reached higher colonization levels than the
two bacterial groups (Fig. 4). While bacteria did not reach
levels higher than on average 1.7% (SD + 0.5%) of the control
soil even after 24 weeks of exposure, saprotrophic fungi made
up on average 1.6% (SD = 0.7%) of the control soil after only
2 weeks of exposure and reached levels of on average 5.2%
(SD £ 2.9%) of the control soil after 24 weeks. Fungi were
additionally affected by LUI with on average 1.2-fold higher
fungal abundance in high vs. low LUI sites (LUL: F; g =
11.05, p=0.01)

Discriminant function analysis of the composition of main
microbial groups in soil and mineral samples indicated a sig-
nificant difference between the soil samples and minerals after
24 weeks of exposure. This difference in the composition of
main microbial groups was mainly attributed to the Gram-
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Fig. 4 Percent of phospholipid fatty acids (PLFAs) measured in the min-
eral mixtures as compared to control soil values for Gram-positive
(Gram+) bacteria, Gram-negative (Gram—) bacteria, and fungi (fungi) at
the five sampling dates (n = 10, except for fungi high and low LUl n =5,
mean + SD). Significance of the effects of land-use intensity effect (LUT)
and sampling time (7) is indicated by ***p < 0.001 and *0.01 < p < 0.05

positive PLFA 117:0 followed by the Gram-negative PLFA
cyl17:0 (Fig. S4b and Table S4b).

Chmic as a percent of C,,; was somewhat higher in the min-
erals compared to the control soil, exceeding that of the con-
trol soil by a factor of up to 2.3 (Fig. S6). The same was
observed for bacterial growth rates, with mean values in min-
erals above 100% of the control soil after 17 and 24 weeks of
exposure (165%, SD + 213% and 124% SD £95%, respec-
tively) (Fig. S7). In contrast, fungal growth rates were on
average always lower in the minerals compared to the control
soil (95% + SD 77%) even though they peaked at up to 270%
of the control soil at a single site after 9 weeks of exposure
(Fig. S7).

The soil sampled 1 cm above and below the mineral con-
tainer (adjacent soil) was slightly different from the control
bulk soil due to its close contact to the mineral containers.
Both C,;. and N,;c were higher in the adjacent soil than in
the control soil (Table S2, S3). The percent Cp. of Copy Was
also higher in the adjacent soil than in the control soil, while
the percent EOC of C,,, was lower (Table S2, S3). With
respect to LUI effects, Cyyic and the percent Cie of Cypg were
both higher in high LUI compared to low LUI sites and in the
control as well as in the adjacent soil (Table S2).

In the control and adjacent soil, both fungal PLFA abun-
dance and the PLFA fungi to bacteria ratio were higher in low
than in high LUI sites. We also detected higher bacterial
growth rates in low LUI sites (LUL: F; g = 9.48, p = 0.0195),
while fungal growth was not significantly different between
high and low LUI (Table S2).

ARE-derived C was transported from the mineral con-
tainers into the adjacent soil, as 613Cm,'C and §'>C-EOC values

@ Springer



596

Biol Fertil Soils (2021) 57:587-601

were significantly higher in the adjacent soil compared to the
control soil (Table S2). Similar to the decrease in ARE-
derived C in Cp,;. in the minerals, the content of ARE-
derived C also decreased in C,,; in the adjacent soil (Fig. S8).

Discussion
Quantity and composition of mineral-associated C

The exposure of mineral containers loaded with labeled glu-
cose and citric acid in different grassland sites for 24 weeks
made it possible to follow changes in quality and quantity of
mineral-associated C as well as microbial colonization and C
use by different groups of microorganisms.

Using FTIR spectra, we demonstrated that the composition
of mineral-associated C changed within the first 2 weeks of
exposure of the mineral containers, but remained constant
during the following exposure time. Polysaccharides and
polysaccharide-like compounds initially accumulated due to
the presence of added ARE (Fig. 1), which can be explained
by rapid microbial use of the original loaded ARE. These
compounds declined by 67 percent after 2 weeks (Fig. 2b)
while in the same period, the content of mineral-associated
Corg increased (Fig. 2a). When attaching to mineral surfaces,
microorganisms utilize biofilms/extracellular polymeric sub-
stances (EPS; Cuadros 2017), which dominantly consist of
polysaccharides. Accordingly, we detected FTIR absorption
bands typical of polysaccharides 2 weeks after the mineral
mixtures had been exposed in soil. At near-neutral pH, bacte-
rial cell walls, and EPS have a net negative charge (Cuadros
2017). Thus, they are attracted by positively charged goethite.
Negatively charged phyllosilicate surfaces form bridges to cell
walls/EPS via divalent cations (Cuadros 2017). Particularly,
Ca ions promote EPS adsorption on minerals, rather than
monovalent cations (Cao et al. 2011). Consequently, cation
bridging is a very likely process involved in the colonization
of illite surfaces in our experiment, given the composition of
exchangeable cations mentioned before. Neither the charge
properties nor the chemical status of the minerals used in our
study gives evidence of hostile conditions regarding microbial
colonization. In addition, heavy rain events shortly before the
first sampling (Fig. S1) probably transported dissolved organ-
ic C from the adjacent soil into the mineralosphere. Therefore,
we assume that different substrate sources, ARE-derived glu-
cose and citric acid, microbially processed ARE, as well as
soil-derived polysaccharides, polysaccharide-like com-
pounds, and other complex C compounds were used by mi-
croorganisms in the mineralosphere over the longer exposure
time of the mineral containers. Significantly lower relative
content of ARE-derived EOC under high land-use intensity
indicated that more external C reached the mineralosphere at
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high LUI sites, which are characterized by higher C,,, con-
tents, than low LUI sites.

Mineral colonization and resource use

The mineralosphere as habitat for soil microorganisms devel-
oped swiftly on the exposed ARE-loaded pristine minerals
(Fig. 2a). This is in line with the study by Ma et al. (2017)
who showed that microcolonies formed rapidly on different
soil minerals. In a laboratory study, Whitman et al. (2018)
found higher total DNA concentrations in the mineralosphere
than in the surrounding soil. In our study, subsequent coloni-
zation by soil microorganisms after 4 weeks of exposure was
slow and reached a maximal C,,;. content after 17 weeks.
Considering the abundance of bacterial and fungal PLFAs in
the mineralosphere (Fig. 3), our findings are in line with pre-
vious studies (Kandeler et al. 2019; Vieira et al. 2020), which
found faster colonization of the mineralosphere by fungi than
by bacteria, thus supporting our second hypothesis. Since the
study of Kandeler et al. (2019) used the same mineral contain-
er composition as did the current study, but with root litter as
the complex C-source, the dominance of fungi during initial
colonization of mineralization seems to be independent of
resource quality. The importance of the physical environ-
ment’s impact on microorganisms with different life history
strategies was also illustrated by Tecon and Or (2017) as well
as Seaton et al. (2020). Due to their hyphal growth, fungi can
actively grow toward new food sources (Fukasawa et al.
2019), while bacteria are strongly limited in individual move-
ment at the centimeter scale (Abu-Ashour et al. 1998). How
bacterial cells are transported into the mineralosphere is still
under discussion. The following mechanisms are possible:
active movement of motile bacteria (growth, swimming,
swarming, and twitching motility), as well as passive water
transport by diffusion and convection (Yang and van Elsas
2018). Fungal hyphae may also be facilitators of short- and
long-distance migration of bacteria through soil, with impli-
cations for the bacterial occupancy of novel ecological niches
like the mineralosphere (Yang and van Elsas 2018). In addi-
tion, fungi can reallocate water, nutrients, and C resources
through their hyphal network (Cairney 1992; Simonin et al.
2012; Whiteside et al. 2019). Recent results have shown that
fungal hyphal networks can bridge different substrate islands
over distances of 27 mm even under low moisture conditions,
indicating that these bridges may act as nutrient highways
under drought conditions (Bhattacharjee et al. 2020). These
mechanisms may also explain why fungi under high LUI col-
onized the mineralosphere to a greater extent than fungi under
low LUI. Fungal mycelia likely bridged the external bulk soil
particles and the mineralosphere, transporting more external C
in their hyphae to the mineralosphere from high LUI than
from low LUTI sites. Since soil N contents tended to be higher
in high than low LUI soils (Table S1), we speculate that fungi
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may also transport soil-derived N into the mineralosphere.
This transport mechanism was also identified by Frey et al.
(2000, 2003) between the detritusphere and the upper soil
layers.

In general, our study could not prove that bacteria use fun-
gal highways to gain rapid access to the substrate (Simon et al.
2017) and consequently did not outcompete their fungal car-
rier locally. The low importance of fungal highways is also
supported by the fact that we could not detect a high relative
abundance of Burkholderia that are well-known as potentially
associated migrating bacteria in soils (Simon et al. 2015,
2017). In our study, bacteria have to solely rely on the nutri-
ents and resources available in their immediate vicinity
(Purcell 1977).

The data on colonization of minerals by Gram-positive and
Gram-negative bacteria (using PLFA data) were compared
with 16S rRNA data previously analyzed by Vieira et al.
(2020). In general, we found a positive correlation between
Gram-negative PLFA abundances and relative abundance of
sequence variants. However, this could not be verified for the
high abundant, mostly Gram-negative Proteobacteria and
Bacteroidetes. Since our PLFA analysis includes only two
fatty acids as indicators for Gram-negative bacteria, it is ques-
tionable whether these two phyla contain the two indicator
PLFAs in a sufficient amount (Zelles 1997). In addition, it is
well known that the PLFA composition can vary with the
physiological state of the bacteria (Zelles 1999). Regarding
Gram-positive bacteria, there is evidence of a very strong re-
sponse of two sequence variants belonging to the family
Micrococcaceae (Gram-positive), particularly in the early
stages of mineral colonization, which can make up 37.3% of
all detected sequence variants (Vieira et al. 2020). Therefore,
we do not believe this to be due to the lack of detection of
suitable PLFA markers, rather due to Gram-negative bacteria
being outcompeted by Gram-positive bacteria, particularly by
these two Micrococcaceae sequence variants. One possible
reason for the strong response of the two Micrococcaceae
sequence variants may be related to the capabilities of mem-
bers of this family to adhere and dissolve minerals through the
formation of complexing agents and a decrease in pH (Vieira
et al. 2020).

Whereas all microbial indicators (C,;., Gram-positive,
Gram-negative bacteria, and fungi) increased in abundance
over time, substrate incorporation of ARE-derived C peaked
only in Gram-positive bacteria and fungi at the beginning of
the exposure period. This immediate use of the provided re-
source was expected and supports the results of Paterson et al.
(2008), who detected C-derived from soluble and insoluble
plant tissues in soil respiration after only 2 h. For both
Gram-positive bacteria and fungi, ARE-derived C in PLFAs
decreased over time, indicating that both bacteria and fungi
relied on ARE as a substrate at the beginning of the experi-
ment, but made use of alternative C resource derived from

outside the mineralosphere later in the season, supporting
our third hypothesis.

Besides microbial respiration and assimilation of ARE in
the mineralosphere, small amounts of ARE were found in the
adjacent soil where they were assimilated by soil microorgan-
isms (Fig. S8). ARE-derived C could either be transported as
DOC from a mineral container into adjacent soil or by
microbially mediated transport (e.g., through the hyphal net-
works bridging the mineral containers with the adjacent soil).

We found one exception to the general trend of decreasing
ARE-derived C in microorganisms during time of exposure.
The absolute amount of ARE-derived C increased in Gram-
negative bacteria over time. The most likely explanation is
that this group of microorganisms obtained their C from
cross-feeding on fungal and Gram-positive bacteria (Miiller
et al. 2016, 2017; Smith et al. 2019). Nevertheless, we also
speculate that Gram-negative bacteria are less competitive for
this resource than Gram-positive bacteria and fungi and/or that
they have lower turnover and uptake rates of newly available
C than the other groups of microorganisms. Consequently, we
dug deeper into the taxonomy of Gram-negative bacteria. We
found that the relative abundances of the bacterial phyla
Verrucomicrobia, Planctomycetes, Gemmatimonadetes and
Armatimonadetes, previously linked mainly with oligotrophy
(Ditterich et al. 2016; Lee et al. 2014; Uksa et al. 2015), and
that of Chloroflexi (Hanada 2014) were positively correlated
with Gram-negative PLFA abundances. Oligotrophic bacteria
are considered able to process more complex C sources (Fierer
et al. 2007). Therefore, the delayed assimilation of ARE into
Gram-negative bacteria may have been due to their ability to
feed on complex substrates derived from Gram-positive bac-
teria and fungi.

Interaction of the mineralosphere with their
environment

In agreement with earlier studies (Kandeler et al. 2019; Vieira
et al. 2020), the abundance of microorganisms in the new
habitat (mineralosphere) is much smaller than in the bulk soil
in the short and long term (6-31 months). Discussing this
result in a broader context, we must consider the mode of
exposure of the mineral containers. The prerequisite for expo-
sure of mineral containers was the use of a mesh (< 50 pwm)
which isolated the mineralosphere from the surrounding soil.
This mesh may also have served as a barrier to soil animals
with a body size of > 50 um. Although we do not have any
data on soil fauna, the mesh of the mineral containers would
have prevented the migration of soil animals larger than
50 um into the mineralosphere. The exclusion of larger soil
animals also prevented any bioturbation in the mineral con-
tainers that otherwise could have led to an accelerated mixing
of organic substrates. The food web in the mineralosphere was
less complex than in either soil fraction (adjacent and control

@ Springer



598

Biol Fertil Soils (2021) 57:587-601

soil). For example, microarthropods could not feed on fungal
hyphae in the mineralosphere; this, in turn, could have mod-
ified C cycling (Crotty and Adl 2019; Pausch et al. 2015,
2018). It was beyond the scope of this paper to additionally
explore the importance of trophic interactions and soil physics
(such as particle size distribution, pore geometry, connectivi-
ty, and hydration status) to microbial colonization and C use in
the mineralosphere (Seaton et al. 2020). Nevertheless, our
approach can be extended to study the importance of physical
structure of minerals and soils to trophic interactions in the
mineralosphere (Erktan et al. 2020).

Conclusion

The present study focused on colonization and functioning of
soil microorganisms in the mineralosphere of different grass-
land soils. We found that the three microbial groups colonized
the pristine minerals and used the ARE to a different extent.
Whereas fungi and Gram-positive bacteria used the artificial
root exudates immediately after exposure in the soil, Gram-
negative bacteria seemed to have been secondary users and
probably relied more on cross-feeding on ARE-derived C for-
merly assimilated by fungi and Gram-positive bacteria. Based
on abundance data (C,,;., PLFAs, sequencing) and physiolog-
ical properties of bacteria and fungi (growth rates and C assim-
ilation), the mineralosphere and the bulk soil are two distinct
habitats (Fig. S4). Over longer time periods, microbial popu-
lations and element cycling in the mineralosphere will become
more and more similar to the bulk soil. Nevertheless, more
research is needed investigating the colonization of minerals
over longer time periods. Further, the effect of the type of the
minerals on the microbial colonization and organic matter
turnover needs more attention.
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