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Interactions between organic substances, minerals, and microorganisms are crucial for organic carbon (OC)
stabilization in soil. We hypothesized that thresholds of sorption strength (described by the sorption coefficient of
the Freundlich isotherms) and desorbability (i.e., the ratio of the amount desorbed to the amount sorbed) of

SD(;rsI:rmtl;on organic monomers control the extent of their microbial processing.
Carboi cycling Freundlich sorption isotherms and desorbability of uniformly !*C-labeled glucose, acetylglucosamine,
Priming phenylalanine, salicylic acid, and citric acid onto goethite, kaolinite, and illite were studied in batch experiments.

Monomers adsorbed to minerals were mixed with loamy and sandy arable topsoil and incubated at 25 °C.
Mineralization of mineral-adsorbed monomers was observed over three weeks, after which the assimilation into
microbial biomass, and the '*C remaining in soil were quantified. Subsequently, the mineralization of incubated
soils was observed for additional three weeks after glucose priming.

The adsorption of carboxylic acids onto minerals exceeded that of (amino) sugars and phenylalanine, with the
overall highest amounts both adsorbed and retained after desorption with water for goethite. Assimilation of
monomer '*C into microbial biomass and the microbial carbon use efficiency (CUE) of mineral-adsorbed
monomers in both soils increased linearly with the monomer desorbability from mineral phases. Furthermore,
the CUEs of monomers adsorbed to goethite were lower than those of the same monomers adsorbed to clay
minerals. In terms of total amount of carbon retained in the soil, carboxylic acids adsorbed on goethite showed
highest values, emphasizing the significance of oxides for the stabilization of OC within soils. Priming of incu-
bated soil with non-labeled glucose caused an additional mineralization of monomer-C, with the priming effect
decreasing from goethite to clay minerals.

We conclude that sorption strength and desorbability shape microbial utilization of mineral-bound organic
compounds, but no universal thresholds determine bio-accessibility of sorbed organic compounds.

Carbon sequestration

1. Introduction

Soils represent the largest terrestrial carbon (C) reservoir. Seques-
tration of organic C (OC) in soils plays a significant role in global C
cycling, though the contribution of regulating factors remain uncertain
(Georgiou et al., 2022). In the past decade, theories that emphasize the
relevance of recalcitrance of biomolecules for OC sequestration have
been superseded by concepts that stress the occlusion of OC in soil ag-
gregates and sorption of OC to mineral surfaces (e.g. Lehmann and
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Kleber, 2015). These concepts also include the pathways by which OC
enters the soil (Sokol et al., 2019) with subsequent microbial processing
of diverse plant litter for stabilizing OC (Cotrufo et al., 2013; Lehmann
et al., 2020).

Sorption to minerals slows down the mineralization of OC as
demonstrated in laboratory experiments (Jones and Edwards, 1998;
Kalbitz et al., 2005; Mikutta et al., 2007; Saidy et al., 2015) and the age
distributions of OC across soil depths and fractions (Kleber et al., 2005;
Schrumpf et al., 2013; Spielvogel et al., 2008). The capacity of minerals
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to bind OC as mineral-associated OC (MAOC) differs between 1:1 clay
minerals with low sorption capacity, 2:1 clay minerals with high sorp-
tion capacity, and iron oxyhydroxides (Fe oxides) with exceptional
sorption capacity due to their net positive surface charges in acidic and
neutral soils (Feng et al., 2013; Gao et al., 2018; Georgiou et al., 2022;
Saidy et al., 2013). The sorbate matters as well: smaller and more
functionalized compounds such as deprotonated carboxylic acids adsorb
more strongly and are more efficiently preserved in soils than sugars and
neutral amino acids (Jones and Edwards, 1998; Yeasmin et al., 2014).

Aside sorption, biotic factors play a pivotal role in soil C cycling.
Approximately half of all OC in arable soil exhibits molecular signatures
of microbial origin (Angst et al., 2021). Models predicting soil OC
cycling attempt to account for this by integrating microbial carbon use
efficiency (CUE) which is defined as the ratio of OC remaining in the
microbial biomass to the OC consumed (Sulman et al., 2014; Wang et al.,
2013). In soil, CUE of the same molecule can exhibit considerable
variation (Brown and Jones, 2024) due to microorganisms optimizing
their fitness (Schimel, 2023). Minerals can affect CUE since they act as
both microbial habitats as well as sinks for OC and nutrients like phos-
phorus (P)-containing organic and inorganic compounds (Kandeler
et al., 2019; Spohn, 2024; Uroz et al., 2015).

Organic C translocated in the soil solution or released by roots into
the rhizosphere—a zone of high microbial activity (Berendsen et al.,
2012)—can enhance mineralization of mineral-associated organic car-
bon (MAOC) through a process known as “priming” (Jilling et al., 2021).
Sugars, like glucose, are among the most abundant root exudates, play a
key role in fueling the soil microbiome (Gunina and Kuzyakov, 2015;
Hiitsch et al., 2002). The glucose-induced priming effect on sorbed small
organic molecules with different functional groups has been minimally
investigated so far.

Regardless of priming effects, microbial processing of sorbed com-
pounds would necessarily depend on desorbability (e.g., the ratio of the
amount desorbed to the amount sorbed). However, the interaction be-
tween sorption strength (approximated by the sorption coefficient from
Freundlich isotherms), desorbability, and microbial processing has yet
to be quantified. We hypothesize that (1) the sorption strength and
desorbability of monomers control microbial processing, with thresh-
olds of sorption strength and desorbability determining the quantity of
microbial processing, (2) in addition to the biochemical processes
involved in metabolism, adsorption and release of monomers from
mineral surfaces, as well as soil properties, affect microbial CUE, and (3)
the addition of glucose increases the mineralization of adsorbed
monomers due to priming, and the priming-induced mineralization in-
creases with the strength of sorption and thus retention of OC.

These hypotheses were tested in sorption-desorption experiments
with uniformly 14 labeled monomers and kaolinite (1:1 clay mineral),
illite (2:1 clay mineral), and goethite (Fe-(oxyhydr)oxide), combined
with incubation experiments of mineral-monomer associations in two
arable topsoils with differing clay content. Kaolinite, illite, and goethite
were selected as they represent distinct mineral classes with unique
sorption characteristics. Kaolinite has limited cation exchange capacity
but exposes hydroxyl groups, influencing adsorption through hydrogen
bonding. Illite, with a higher cation exchange capacity, supports various
interactions (Sposito, 2020), while goethite’s high surface charge and
hydroxyl groups allow for strong ligand exchange (Cornell and
Schwertmann, 2003). Glucose (sugar), acetylglucosamine (amino
sugar), phenylalanine (amino acid), and carboxylic acids (salicylic and
citric acid) were chosen as model compounds of organic monomers due
to their ubiquity in soils and range of functional groups relevant to
microbial processing (Kleber et al., 2021). Sugars tend to interact
through weak adsorption, amino acids through polar and hydrophobic
interactions, and carboxylic acids through ligand bonding (Jones and
Edwards, 1998; Yeasmin et al., 2014). To assess microbial P limitation
from mineral additions, particularly goethite, phosphate levels in the
soil solution were measured after three weeks of incubation. Addition-
ally, the incubation experiment for glucose adsorbed to goethite in the
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clayey soil was repeated after pre-saturating the goethite with phos-
phate to test whether alleviating potential P limitations would increase
microbial carbon use efficiency for glucose. Soils were further treated
with non-labeled glucose after incubating for three weeks and miner-
alization of monomer-C was quantified for additional three weeks to
assess whether mineral-adsorbed monomers were susceptible to prim-
ing. Together, these combinations of minerals and monomers allowed us
to explore a broad range of sorption behaviors and their effects on mi-
crobial processing, offering insights into how mineral composition in-
fluences the stability and bioavailability of mineral-adsorbed OC in soils.

2. Materials and methods
2.1. Materials and chemical reagents

Non-labeled chemicals with purities >99% were procured from
Sigma-Aldrich (Darmstadt, Germany). Polyethylensulfone syringe filters
with pore sizes of <220 nm and <450 nm were sourced from VWR In-
ternational GmbH (Darmstadt, Germany). Uniformly *C labeled b-
glucose, N-acetyl-p-glucosamine, i-phenylalanine, salicylic acid, and
citric acid were procured from American Radiolabeled Chemicals (St.
Louis, Missouri, USA). Ultra-pure water (18.2 MQ, <2 ppb TOC) was
obtained from a Purelab Flex 2 Water Purification System (Veolia Water
Solutions and Technologies, Buckinghamshire, Unted Kingdom).

2.2. Preparation of model minerals

Two phyllosilicates, kaolinite (Quarzwerke GmbH, Frechen, Ger-
many) and illite (Inter-ILI. Engineering Co. Ltd., Kosd, Hungary), as well
as a self-synthesized goethite, were selected as sorbents. The clay min-
erals were freed from carbonates, iron oxides, and OC in accordance
with the methodology outlined by Tributh and Lagaly (1986). Subse-
quently, the pH was adjusted to 10 using sodium carbonate, and the clay
size fraction <2 pm was separated by sedimentation based on Stokes’
law. The samples were transferred into cellulose acetate tubing (Spec-
tra/Por 2 RC Tubing, with a molecular weight cut-off of 12-14 kDa,
Spectrum Laboratories, Inc., Rancho Dominguez, California, USA) and
placed in buckets filled with deionized water for dialysis to remove salts.
The deionized water was replaced frequently until the electrical con-
ductivity of the suspension reached values below 10 pS cm™ !. Goethite
was synthesized according to the methodology described by (Dultz et al.,
2019). In brief, 10 M NaOH was added at a flow rate of 1 ml min ! toa
constantly stirred 0.5 M FeCls solution, up to a pH of 12. Subsequently,
the suspension was stored at 4 °C for 68 days, after which the pH was
adjusted to pH 6 with 0.1 M HCI. The suspension was then dialyzed and
freeze-dried analogously to the procedure for the clay minerals. Purified
clay minerals and self-synthesized goethite were ground with a mortar
and pestle and characterized by powder X-ray diffraction analysis
(Empyrean, Malvern PANalytical B.V., Malvern, United Kingdom) to
ascertain their purity (Supplementary material S1). Specific surface
areas (SSA) were measured by Ny adsorption using the
Brunauer-Emmett-Teller method on a Quantachrome Quadrasorb evo
(3P Instruments GmbH & Co. KG, Odelzhausen, Germany), showing SSA
of 92.5, 17.2 and 43.7 m? g_1 for goethite, kaolinite and illite, respec-
tively. Scanning electron microscopy images of the minerals were ob-
tained using a GeminiSEM 560 (Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany) (Supplementary material S1).

2.3. Measurement of radioactivity

Quantification of 1*C was conducted for both the sorption-desorption
batch study and the soil incubation experiments (a graphical overview
on the experimental setup can be found in the Supplementary material
S2). The radioactivity was measured using a daily calibrated TriCarb
3300 (PerkinElmer, Inc., Shelton, Connecticut, USA) liquid scintillation
counter (LSC). All liquid samples (sodium hydroxide solutions as CO4
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sinks, soil extracts) were mixed with 10 mL of Ultima Gold XR scintil-
lation cocktail (PerkinElmer, Inc., Shelton, Connecticut, USA) and
vigorously shaken prior to scintillation counting. Solid samples (e.g.
minerals and soils) were incinerated using a Hidex OX 600 oxidizer
(Hidex Oy, Turku, Finland) using Oxysolve C-400 scintillation cocktail
(Zinsser Analytic, Frankfurt, Germany) for subsequent LSC measure-
ments. The oxidizer results were corrected for C recovery rates. It has
been recently reported that **CO,, trapped in NaOH, will degas from the
lye-cocktail mixture over time, depending on CO, saturation, used
scintillation cocktail and the time evolved before measurement (Boos
et al., 2022, 2023). We accounted for this phenomenon by repeated
measurements of same COz-samples and corrected the mineralization
data with the resulting calibration curve (Supplementary material S3).

2.4. Sorption isotherms and desorbability

Sodium azide solutions were used at 0.01 M as background electro-
lyte for suspensions and solutions to prevent microbial action (Cabrol
et al., 2017). Minerals were suspended at concentrations of 40.80 g L2,
40.13 gL' and 9.28 g L ™! for kaolinite, illite and goethite, respectively.
The pH of the suspensions was adjusted to 5.5 using NaOH and HCI.
Solutions of C-labeled monomers (4000 Bq mL™!) were prepared at
concentrations of 0.02, 0.1, 0.2, 0.5, 1.0 and 2.0 mM, set to pH 5.5 and
filtered through <0.22 pm polyether sulfone filters for sterilization.
Batch sorption studies were conducted in triplicates in 1.5 mL poly-
propylene tubes (Sarstedt AG &Co., Niimbrecht, Germany) by mixing
0.5 mL of mineral suspension with 0.5 mL of monomer solution for all
concentrations. Thus, monomer concentrations inside the tubes ranged
between 0.01 and 1.0 mM and were corrected for mineral volume dis-
placing solution. Tubes containing 0.5 mL 0.01 M NaNs3 and 0.5 mL
14C-labeled monomer solution were prepared for the second lowest and
second highest monomer concentration to check for adsorption on sur-
face of the tubes and microbial processing of monomer in accordance to
OECD guideline 106 (OECD, 2000). Tubes were shaken for 16 h at 1500
rpm at 25 °C (neoMix, neoLab Migge GmbH, Heidelberg, Germany) in
the dark, centrifuged for 10 min at 17,000 g so that 920 pL of the su-
pernatant could be retrieved for scintillation counting.

Reversibility of monomer adsorption for each model compound was
determined at second lowest and second highest concentration using a
two-step desorption procedure. Minerals from the batch sorption study
were resuspended in 920 pL of fresh 0.01 M NaNj3 and shaken for 1 h at
1500 rpm in the dark, followed by centrifugation and removal of 920 pL
of supernatant, analogous to the procedure of the sorption study. The
desorption step was repeated with pH 5.5 adjusted NaH,PO4 at a con-
centration of 0.1 M as competing anion for 1 h. Minerals used for the
desorption experiments were resuspended in NaNs and oxidized to
check activity balance. At highest concentrations, analogous sorption
experiments with non-labeled solutions were performed and superna-
tant checked for cations using optical emission spectroscopy with
inductively coupled plasma (ICP-OES) (Agilent 720 ICP-OES ES, Agilent
Technologies Inc., Santa Clara, USA) to exclude mineral dissolution in
the presence of organic molecules.

2.5. Incubation

Minerals were sterilized by y-irradiation of 10 kGy with a ®*Co source
(Dalkmann et al., 2014), subsequently suspended in a sterile-filtered
0.01 M NaCl solution and set to pH 5.5. Sterile mineral suspensions
and sterile-filtered *C-monomer solutions at pH 5.5 were added at
concentrations matching those of the second lowest concentration of the
sorption study into 50 mL PP centrifuge tubes and shaken end-over-end
for 16 h at 25 °C. This concentration was chosen in order to avoid a
saturation of sorption sites while loading the minerals with monomers
(which would be a concern at higher concentrations), as well as the
antimicrobial effects of salicylic and citric acids (Fang et al., 2020; Khan
et al., 2020). The resulting suspensions were then centrifuged at 4.000 g
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for 2 h, the complete supernatant discarded. The mineral pellet was
centrifuged again, and excess solution removed. The minerals were
freeze-dried and ground, aliquots of the minerals were combusted.
Farmyard manure-fertilized, air-dried arable topsoils sieved at < 2 mm
from 2 to 20 cm soil depth were collected from two long-term field ex-
periments in Germany as disturbed soil samples and used for incubation
experiments according to OECD test no. 307 (OECD, 2002). Dikopshof
soil is a moderately aggregated Haplic Luvisol, while the Thyrow soil is a
weakly aggregated Haplic Retisol (Table 1). A complete description
including microbial and mineralogical data is available in the publica-
tion by Lorenz et al. (2024).

The soils were pre-incubated at 60% water holding capacity for 10
days at 25 °C in the dark. The amount of mineral with adsorbed
monomers added to the soils was chosen in a way that the soil mineral
composition was changed as little as possible, while providing sufficient
14¢ for detection. For each treatment (soil x mineral x monomer), 56 g of
pre-incubated soil and 240 mg of *C-loaded, freeze-dried goethite, or
300 mg of *C-loaded clay mineral were carefully admixed with a
spatula for 10 min. Duran flasks with a volume of 250 mL (SCHOTT AG,
Mainz, Germany) were modified by the addition of a bent wire fixed to
the cap of the flask, which held a standard 20 mL PP LSC vial filled with
1 mL of 1 M NaOH. Each mineral-admixed, pre-incubated soil (equal to
14 g of air-dry soil) was filled in triplicate into the modified glass flasks,
resulting in a 1-cm-thick soil layer at the bottom of the flasks. To
quantify exactly the added radioactivity and check for initial minerali-
zation until airtight sealing of the incubation vessels after 20 min of
mineral addition, three aliquots of 0.5 g each were taken out of each
flask, ethanol was added in excess, the soil was dried, and l4c activity
was measured. The flasks were incubated at 25 °C in a circulating air
incubation cabinet in the dark. Sodium hydroxide in the alkali traps was
replaced frequently and *CO, measured. To counteract the loss of water
during sample collection and the hydrophilic nature of NaOH, strips of
humid paper tissues of 3 x 7 cm were added hanging into the incubation
flasks.

Water-extractable 14C, microbial biomass 14C, and bulk soil 1“C were
determined after three weeks of incubation using three aliquots of 0.5 g
of incubated soil from each replicate. The water content of the aliquots
utilized for the bulk soil **C measurements was analyzed using a HB43-S
halogen moisture analyzer (Mettler Toledo Inc., Columbus, USA), which
demonstrated comparable water contents to those observed at the outset
of the experiment, with a mean of 60 + 4% WHC. The remaining ali-
quots were extracted using a chloroform fumigation extraction (CFE), as
described by Vance et al. (1987) and modified by Murage and Voroney
(2007) in 15 mL centrifuge tubes. Briefly, one aliquot from each incu-
bation replicate was fumigated with chloroform for 16 h, afterwards
extracted with 2.5 mL of 2 M KCl for 90 min shaking end-over-end. The
remaining non-fumigated aliquot was directly, analogously extracted.
All tubes were subsequently centrifuged, and the supernatant filtered.
The 1“C content of the extracts was measured, with the difference be-
tween fumigated and non-fumigated extracts yielding microbial biomass
14C. The non-fumigated extracts were used as a proxy for
water-extractable organic l4c (WEO“C). Microbial CUE was calculated
as the percentage of '*C assimilated into microbial biomass to *C
microbially processed (**C assimilated + '*C mineralized). Further-
more, the phosphate concentrations in non-fumigated extracts were
quantified photometrically (Genesys 150, ThermoFisher Scientific Inc.,
Waltham, Massachusetts, USA) as phosphomolybdate complexes with
malachite green at 660 nm (Van Veldhoven and Mannaerts, 1987).

After three weeks of incubation, non-labeled glucose solutions
(similar to 0.1% of the soil organic carbon content) were added and
admixed carefully with a spatula to the remaining mineral-amended
incubation flask replicates (Blagodatskaya et al., 2009), resulting in a
5- to 10-fold higher OC input into the soil compared to the average daily
root exudation (Kuzyakov and Domanski, 2000). The incubation period
was extended for further three weeks, during which time the evolution
of 1*CO, was more frequently measured. At the experimental endpoint,
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Table 1
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Total organic carbon (TOC), total nitrogen (TN), TOC/TN ratio (C/N), total soil phosphorus (P), oxalate-extractable iron (Fep), dithionite-extractable iron (Fey), and

basal respiration of the arable topsoils Dikopshof and Thyrow.

Fe, [gkg '] Feq[gkg 'l pH (CaCly) Soil Texture (WRB) Basal respiration
[ug CO2 h™' g7' dw]

Site Soil group TOC [%] TN [%] C/N P [mg kg’l]

Dikopshof, Universitat Bonn, Haplic Cambisol 1.10 0.14 7.90 7.60
Germany

Thyrow, Humboldt-Universitit Haplic Retisol 0.69 0.08 8.70 6.10

Berlin, Germany

2.55 10.95 6.00 SiL 0.62

0.39 2.27 5.20 LS 0.49

the pH values of all soil-mineral-monomer mixtures were determined in
0.01 M CaCl,, (soil:solution ratio of 1:5). Because high activities in H4co,
samples at the experimental endpoint of 21 days showed continuous
mineralization of goethite-bound citric acid in both soils, the incubation
of this treatment was prolonged up to 84 days. CFE was performed after
21 and 84 days yielding identical results for CUE. Glucose solutions were
added afterwards, and mineralization measured as described above.

2.6. Phosphate-amended glucose-goethite experiment and oxalate-
extractable 1*C fraction

Iron-hydroxides are known to strongly bind large quantities of
phosphate-P. To test the impact of potential microbial P limitation in
goethite-amended incubation experiments, glucose-adsorbed goethite
was loaded with phosphate-P and subsequently used for an analogous
incubation study. Therefore, 40 mg of freeze-dried, glucose-loaded
goethite was resuspended in 1 mL of sterile-filtered 0.1 M NaHyPO4
adjusted to pH 5.5. The suspension was shaken for 60 min, centrifuged,
the supernatant decanted, and the minerals lyophilized. Following the
determination of phosphate-P and !*C in the supernatant, the
phosphate-saturated, glucose-loaded goethite was added to the pre-
incubated Dikopshof soil in the same goethite topsoil ratio as in the
main incubation experiment. The amended soil was incubated for three
weeks, and 14C02, microbial biomass, WEO“C, and soil '*C were
measured in triplicate as described above. Extraction residues from CFE
of fumigated and non-fumigated samples were sequentially extracted
using acidic oxalate for 4 h in the dark (Schwertmann, 1964), their ac-
tivity measured afterwards in the extracts.

2.7. Data analysis

Sorption isotherms, cumulative 14c0, evolved over time and mass
balances after three weeks of incubation were plotted using Origin Pro
2023b (OriginLab Corporation, Northhampton, Massachusetts, USA).
Sorption data was fitted using the Freundlich isotherm (eq. (1))
(Freundlich, 1907):

q=KzC" (eq. 1)
where g is the number of monomer molecules sorbed (nmol m—2 SSA), C
is the equilibrium concentration (pmol L) and the Freundlich affinity
coefficient Ky (describing monomer affinity to mineral surface in nmol
m’z/(prnol ml~ )/ Ny, as well as N (curvature of the sorption isotherm)
as the Freundlich exponent/linearity index. The two-step-desorption
experimental data were used to quantify desorbability of OC sepa-
rately for each desorption step.

The cumulative *CO, evolution during the initial incubation over
three weeks was fitted using a double pseudo-first-order kinetic (eq. (2)):

4C mineralized (%) = gel x (1 —e™***) +qe2 x (1 — e ***) (eq. 2)
with the sum of gel and ge2 describing the fraction of added **C added
being mineralized at t = 0, k1 and k2 as the kinetic rate constants of
mineralization and t as the time evolved since the start of the incubation
in days. Mineralization after glucose priming was corrected for by the
amount of soil removed after three weeks for chloroform-fumigation-

extraction and *CO, evolved was fitted using the double pseudo-first
order kinetic, with qe3 and qe4 describing *C mineralized at t = oo
(eq. (3)), as well as k3 and k4 as the kinetic rate constants. If the fitted
function showed k3 values above 100 (indicating direct mineralization
of the respective fraction), a new model was calculated without kinetic
rate constant k3 (also eq. (3)):

4C mineralized after priming (%) = ge3 x (1 — e ****) + ge4

x (1—e ) (eq.3)

The additional fraction of 1*C mineralized after glucose priming was
quantified as the difference between the fitted regression models of in-
cubation and priming at t = oo (eq. (4)):

Priming effect (%) = qe3 + qe4 — gel — ge2 (eq. 4)

Correlations between sorption and incubation data were analyzed
using R Statistical Software (version 4.2, R Core Team, 2022). Boxplots
and regression plots were plotted using the ggplot2 package (Wickham,
2016). Histograms and Q-Q plots were used to check data to be normally
distributed. Pairwise comparisons were performed using the
Wilcoxon-Mann-Whitney-Test (Mann and Whitney, 1947; Wilcoxon,
1945). False discovery rates of pairwise comparisons were controlled
using the Bonferroni-Holm method (Holm, 1979).

3. Results
3.1. Sorption and desorption

Non-linear Freundlich isotherms describe the sorption of carboxylic
acids to all minerals. In comparison, linear isotherms describe the
sorption behavior of phenylalanine and acetylglucosamine (Fig. 1,
Supplementary material S4). In general, the quantity of monomers
adsorbed per SSA decreased in the following order: goethite > kaolinite
> illite (Fig. 1). After desorption in 0.01 M NaNj3 at the second lowest
monomer concentration (¢ = 0.05 pmol ml™1), retained 14¢ exhibited
the same pattern (goethite > kaolinite > illite). The exception was
acetylglucosamine, which decreased in the order goethite > illite >
kaolinite (Table 2).

3.2. Mineralization

The initial mineralization observed in the first 20-min after homog-
enization of preincubated soil with monomer-loaded minerals exhibited
comparable patterns for both soils without discernible trends for specific
minerals or monomers (Fig. 2, Supplementary material S5). The highest
initial mineralization (20% of monomer l4c added) was observed for
acetylglucosamine adsorbed to goethite in both soils. In contrast, only
0.5-5.1% of *C was mineralized within acetylglucosamine-clay mineral
mesocosms.

Throughout the three weeks of incubation, mineralization fitted well
to double pseudo first order kinetics (RZ > 0.9, Supplementary material
$6). The highest rates and cumulative mineralization (Fig. 2) were found
for citric acid adsorbed to kaolinite and illite in both soils.

In comparison, citric acid adsorbed on goethite in the Thyrow soil
showed the lowest fraction of *C mineralization (22%). The same
treatment for the Dikopshof soil yielded a higher mineralized fraction
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Fig. 1. Freundlich isotherms of adsorption of monomers to goethite (left), kaolinite (middle) and illite (right).

Table 2

Adsorbed monomers [nmol m~?] after 18 h at monomer additions at 0.05 pmol m1~* and 0.5 pmol mi~. Additionally, the percentage of monomers retained after
desorption for 1 h in 0.01 M NaNs, as well as after the sequential desorption with 0.1 M phosphate are given.

Monomer concentration added Initially sorbed [nmol m~2] % retained after desorption using 0.01 M % retained after desorption using
[uM ml~1] NaN3 0.1 M PO~
Goethite Kaolinite Illite Goethite Kaolinite Illite Goethite Kaolinite Illite
Glucose 0.05 7.2+0.2 2.8+0.1 1.4+00 941+23 734+69 58.1 + 8.2 54.1 + n.d. 4.2 +
1.2 0.6
0.5 64.8 £5.7 153 +£2.2 85+13 943+6.1 683+0.8 771+152 55+73 6.6 +3.2 nd
Acetylglucosamine  0.05 0.6 + 0.0 1.7 £ 0.1 0.8+0.1 823+49 45 +6.3 59.2 + 4.1 11.3 + 8 +£5.7 n.d.
1.1
0.5 6.3 +0.7 16.7 £ 0.8 71+11 71.3+£9.2 39.8+123 51.3+4.2 n.d. n.d. n.d.
Phenylalanine 0.05 20.6 + 0.8 17.4 £ 0.4 5.6 £ 0.2 92.6 + 4.4 87.7 £ 0.2 87.4+1.5 16.5 £ 32+1.6 4.4 +
2.3 1.3
0.5 211.3 £ 4.6 169.1 +7.5 549+06 899+15 90.7+4.7 87 £ 0.4 16 + 0.5 44+13 36+
1.1
Salicylic acid 0.05 87.7 £0.1 434+02 121+01 886+0.2 80.7+1.2 70.1+1.9 24 +£0.3 42.2 + 54.5 +
0.7 3.6
0.5 440.5 + 0.5 924+0.7 236+12 722+11 79.6+17 77.8+131 258 + 34.3 £ 389 +
1.8 1.5 5.9
Citric acid 0.05 115 £ 0.0 127.2+0.5 344+01 999+0.0 96.8+0.2 89.7 £ 0.7 29.1 + 22+0.2 207+
1.4 4.2
0.5 11344 +£10.5 180.5+08 541+0.6 935+0.4 98.4+05 79 +1.9 10.6 + 10.2 + 17.1 +
1.3 0.8 3.2

indicating the relevance of the soil for mineralization (59%). In general,
the mineralization of substrate bound to goethite was smaller than the
one observed for clay mineral-bound substrate. Exceptions were ace-
tylglucosamine, which exhibited high initial mineralization. The same
common findings held true for *C previously bound to goethite assim-
ilated into biomass for both soils (Fig. 3a, Supplementary material S5),
except for phenylalanine in Dikopshof soil where biomass-!*C was
higher for goethite than for illite (Fig. 2).

3.3. Assimilation and carbon use efficiency

Sugars were assimilated to a higher degree in Thyrow soil compared
to Dikopshof soil, which contrasted with the results for carboxylic- and
amino acid-amended soil. The extremes were exceedingly low amounts
of assimilated goethite-sorbed glucose in Dikopshof soil and substantial
amounts of assimilated kaolinite-bound acetylglucosamine in Thyrow
soil. In fact, up to 100% of the monomer *“C was microbially metabo-
lized in kaolinite-acetylglucosamine incubation experiments with Thy-
row soil, while only 52% from the same monomer-mineral combination
was microbially processed in Dikopshof soil (Fig. 2).

No such pronounced differences between soils were observed for
carboxylic and amino acid-loaded minerals. The assimilation of citric

acid into microbial biomass was generally small (Figs. 2 and 3a).
Phenylalanine and salicylic acid, on the other hand, demonstrated only
slightly different amounts of assimilation in microbial biomass in both
soils.

From a mineral perspective, the percentage of C retained within
the microbial biomass was greater for clay minerals than goethite
regardless of soil (Fig. 3a). This difference was greatest for glucose and
acetylglucosamine, while carboxylic acids were only marginally assim-
ilated when adsorbed to any mineral. In contrast, }*C retained in soil
which was not accounted for by microbial biomass or WEOC was
significantly higher for goethite than clay minerals. Similar percentages
of organic acids and sugars were retained by goethite (Fig. 3b).
Combining retention by assimilation into biomass and sorption to the
soil matrix, clays and oxides showed comparable proportions of added
14C retained (Fig. 3c). In absolute terms, however, goethite retained
much more carboxylic acid **C than either kaolinite or illite (Fig. 4).

The CUEs of mineral-adsorbed monomers exhibited a trend like that
of assimilation. Goethite exhibited lower CUE values compared to clay
minerals: 0.5-23.0% for goethite vs. 0.9-66.4% for illite and kaolinite
(Fig. 5, Supplementary material S7). Among sugars, glucose bound to
goethite in Dikopshof soil had the lowest CUE of 6.5%. Soil again mat-
tered: monomers in Thyrow soil were processes with a higher CUE
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Fig. 2. Fate of monomer-C added adsorbed to goethite, kaolinite or illite
incubated in Dikopshof (top) or Thyrow (bottom) soil with different monomers
after three weeks of incubation in percent of 14C added, with error bars (n = 3).

values than those in Dikopshof (Fig. 5, Supplementary material S7).

3.4. Phosphorus deficiencies and mineral retention of fumigated microbial
residues

After three weeks of incubation, goethite-amended soils showed
significantly lower PO4-P concentrations than soils admixed with clay
minerals for both soils likely due to P sorption to the added goethite
(Fig. 6). Overall, sandy Thyrow soil extracts yielded on average 4 to 5
times higher phosphate-P concentrations than Dikopshof soil extracts
because of smaller contents of P-sorbing (hydr)oxides (Table 1).

Microbial processing of goethite-adsorbed glucose in Dikopshof soil
increased when goethite was loaded with phosphate prior admixture
with soil. The effect was such that mineralization and assimilation of
goethite-adsorbed glucose into biomass reached the same levels as that
of glucose bound to P-free goethite in Thyrow soil (Table 3).

In principle, microbial OC might have been sorbed to minerals after
cellular dissolution with chloroform gas preventing extraction with KCIL.
To check for retention of microbial OC after the KCl extraction, chlo-
roform fumigated and non-fumigated soil with goethite-bound glucose
were sequentially extracted with 2 M KCI and acidic oxalate at pH 3 for
4 h in the dark (Schwertmann, 1964). Sequential extractions yielded
comparable results for fumigated and non-fumigated soil
(Supplementary material S8). Consequently, retention of microbial
assimilated '*C on goethite surfaces after fumigation and extraction with
KCl was excluded.
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(glucose, acetylglucosamine; n = 12 per mineral), phenylalanine (n = 6 per
mineral) and carboxylic acids (salicylic acid, citric acid; n = 12 per mineral).
Bonferroni-Holme adjusted pairwise comparisons using Wilcoxon Mann-
Whitney tests display significant differences in [%] of monomers retained in
biomass, soil matrix or within biomass and soil matrix between goethite and
clay mineral amended soil, and differences between sugar (glucose, acetylglu-
cosamine), phenylalanine and carboxylic acids (salicylic acid, citric acid)
adsorbed to each mineral. Significance levels: *p < 0.05, **p < 0.01, ***p <
0.001; and NS not significant (p > 0.05).
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3.5. Linking sorption-desorption behavior and microbial processing

No unified relationship was found between sorption coefficients Kg
and microbial processing of sorbed OC (Supplementary material S9).
Monomers mattered: High sorption coefficients of organic acids resulted
in similar CUEs and **C assimilation in both soils, while lower Kg values
of sugars led to divergent assimilation and CUEs between soils
(Supplementary material S9).

No relationship was found also between desorbability and mineral-
ization of monomers in both soils (Fig. 7a). However, the fraction of
mineral-associated organic compounds that could be desorbed with
0.01 M NaNj after sorption was linearly related with the fraction of
microbially assimilated *C and the CUE for both soils (Fig. 7b-d). The
same was observed for total microbial processing of *C (mineralized +
assimilated 14C) in Thyrow soil, but not for Dikopshof soil (Fig. 7c).
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3.6. Glucose-induced mineralization

The addition of glucose to mineral-amended soils after three weeks
of incubation increased the percentage of mineral-associated monomer
14C that could be mineralized in almost all mesocosms; the exception
was illite-bound phenylalanine in Dikopshof soil. The additional *C
mineralization was significantly larger for goethite treatments
compared to kaolinite (Fig. 8a). Only for Thyrow soil, additional }*CO,
released due to glucose additions increased with increasing '*C retained
in the soil matrix after the first three weeks of incubation primarily in
goethite-amended soils (Fig. 8b and c). No changes of soil pH were
observed during the incubation experiment (Dikopshof: pH 6.04 + 0.03,
Thyrow: pH 5.04 + 0.02).

4. Discussion

4.1. Sorptive control of microbial processing of mineral associated
monomers

The superior ability of goethite, and Fe-(hydr)oxides in general, over
clay minerals to sorb and retain dissolved OC, and preserve mineral-
associated organic carbon (MAOC) has been demonstrated in both lab-
oratory (Saidy et al., 2013; Yeasmin et al., 2014) and field studies
(Bramble et al., 2024). Our batch sorption study yielded similar results
(Fig. 1), with goethite sorbing more of all monomers than kaolinite and
illite on a per surface area basis, with the exception of acetylglucos-
amine. These findings align with Yeasmin et al. (2014), who observed
similar sorption capacity for glucose on goethite under batch conditions
with '*C-labeled monomers in 0.01 M NaNs, though at an equilibrium
pH rather than at a fixed pH 5.5. However, retention of OC after
desorption in our study differed slightly; Yeasmin et al. (2014) observed
higher retention of citric acid on goethite and kaolinite and greater
binding of citric acid and phenylalanine on illite.

Sorption strength and desorbability alone explained neither initial
mineralization in the first 20 min nor total mineralization after three
weeks. For instance, more than 40% of total mineralization of goethite-
bound acetylglucosamine occurred in the first 20 min. These levels are
in line with mineralization rates of up to 1.1% per minute for glucose
added to soil found in the literature (Gunina and Kuzyakov, 2015).
Rinsing '#C-loaded minerals with water after sorption could have
reduced the introduction of non-adsorbed and thus easily mineralizable
OC into soil. Instead, we only decanted supernatants, and minerals were
not rinsed to avoid desorption. For monomers with marginal sorption to
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Fig. 5. Microbial carbon use efficiencies of monomers adsorbed to minerals incubated in either Dikopshof (left), or Thyrow (right) soil after three weeks

of incubation.
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Fig. 6. Phosphate concentrations after three weeks of incubation in 2 M KCl
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analyzed, thus each box consists of 21 replicates.

minerals—glucose and acetylglucosamine (Fig. 1)—a majority of C
remained within the supernatant, which would increase the potential for
error during decantation. This could explain the high initial minerali-
zation observed in some mesocosms, like glucose bound to kaolinite or
acetylglucosamine bound to goethite.

Conversely, this would not apply to goethite-adsorbed citric acid and
(to some extent) salicylic acid as high mineralization was observed
despite <0.1% of added OC being recovered from the supernatant.
Rapid initial mineralization of monomers with higher sorption co-
efficients may be driven by OC sorbed to more accessible binding sites
such as external surfaces with shorter diffusion distances to microor-
ganisms, which is likely due to adsorption of monomers below observ-
able saturation points. Edge-bound monomers could also have been
more easily removed by exchange with dissolved organic matter and
nutrients in the soil solution. This effect might be stronger for monomers
bound via ligand-exchange reactions (e.g., monomers containing
carboxyl-groups) as shown by phosphate-induced desorption (Table 2).
Comparatively more phosphate in Thyrow soil extracts than in those of
Dikopshof soil (Fig. 6) thus would be a reason for rapid mineralization of
goethite-bound citric acid observed in the former. Furthermore, hy-
drophobic OC can displace sorbed hydrophilic OC—i.e., all monomers in
the experiment—from mineral phases (Kaiser and Zech, 1997).
Competitive sorption therefore can be a plausible cause for rapid
mineralization for all monomers used in this study, not just organic
acids. Subsequent microbial processing would have been fueled by OC

Table 3
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adsorbed within mineral pores and is therefore rate-limited by diffusion
of new sorbates as well as desorption of monomers (Pignatello and Xing,
1996).

Results for citric acid adsorbed to goethite suggest that ligand ex-
change can be effective at reducing mineralization and overall microbial
processing. Most of the citric acid sorbed to goethite at pH 5.5 was
mineralized in Dikopshof soil (pH > 5.5), while only 29% was miner-
alized in Thyrow soil (pH < 5.5). Introduction into Dikopshof soil
brought goethite closer to its point of zero charge (PZC). As the pH
approaches the PZC, goethite surfaces became less positively charged
(Filius et al., 2000), reducing electrostatic attraction between (partly,
pH < pKa3) deprotonated citric acid and mineral surface, potentially
causing additional monomers to desorb. Adding goethite to Thyrow soil
on the other hand brought the mineral further away from its PZC,
increasing electrostatic attraction of the sorbate. This might also explain
the relationship found in Thyrow, but not Dikopshof soil for desorb-
ability determined at pH 5.5 and the overall amount of microbially
processed monomer-C (Fig. 7c). Interestingly, differences between the
magnitudes of microbial processing of goethite-adsorbed monomers
incubated in both soils decreased with increasing desorbability for car-
boxyl-group—containing monomers as well as glucose and acetylglu-
cosamine. In fact, pH-dependent differences in the amount of
microbially processed monomers between soils found for organic acids
is reversed for glucose (Thyrow > Dikopshof) as more OC would be
adsorbed through hydrogen bonding at higher pH (Olsson et al., 2011).
Clay minerals, in contrast, were characterized by overall higher
desorbability and microbial processing when compared to goethite.
However, microbial processing increased together with desorbability
only in sandy Thyrow soil. In clay-rich, aggregated Dikopshof soil, high
desorbability might have been counteracted by re-adsorption of des-
orbed monomers onto native clay minerals or pedogenic oxides, or
diffusion into aggregates away from decomposer (Lehmann and Kleber,
2015).

4.2. Biological processing of mineral-associated monomers

Our results indicate that OC assimilated into biomass relative to
microbially processed OC — that is CUE — is linearly related to the
fraction of mineral adsorbed monomers extractable with 0.01 M NaN3
and thus the reversibility of sorption (Fig. 7d), instead of sorption
strength. Two control levels of CUE are at work as Schimel (2023) has
pointed out. First, biochemical pathways and substrate chemistry limit
the percentage of substrate-C that can be assimilated. Second, environ-
mental and physiological conditions force the microbiome to regulate its
biochemistry to optimize fitness. The first is exhibited by the low bio-
chemically possible CUE of carboxylic acids, which are not easily des-
orbed from iron oxides and clay minerals (Jones and Edwards, 1998;
Yeasmin et al., 2014) but are also readily metabolized for gaining en-
ergy. Citric acid, for example, is central to energy-yielding metabolism
and specifically the tricarboxylic acid cycle. Hence, the low CUE of
carboxylic acids was rather related to their biochemical processing than
to their low desorbability. In line with the low CUE in our incubation
experiment, the CUE of citric acid in a topsoil from an Eutric Cambisol
grassland was 24 + 4 % (Brown and Jones, 2024). This also applies to
salicylic acid which has an average CUE in arable soils below 20%
(Jones et al., 2018).

Fate of uniformly '“C labeled glucose adsorbed to either goethite or phosphate-loaded goethite after three weeks of incubation in either Dikopshof or Thyrow soil.

Soil Mineral initial mineralization mineralized biomass WEOC residual microbially CUE [%] mass balance
[%] [%] [%] [%] [%] processed [%] [%]
Dikopshof Goethite 1.0+ 0.8 30.5+0.5 2.1+0.1 0.6 + 0.0 62.3 + 2.7 32.7 £ 0.5 6.5+ 0.3 95.5 + 2.2
Dikopshof ~ PO3~ loaded 0.0 £ 0.0 35.6 + 0.0 11.1+0.1 1.7 +£ 0.0 50 + 1.6 46.6 + 0.1 23.7 £ 0.2 98.3+1.8
goethite
Thyrow Goethite 1.6 £ 0.7 36.6 £ 0.7 10.8 £ 0.6 2.8+0.1 51.1 £ 0.7 47.4 +£ 0.5 227 +1.2 101.3 £ 0.7
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Fig. 8. Effect of glucose-induced priming on the mineralization of mineral adsorbed monomer '*C. Monomer *C adsorbed to goethite was mineralized to a
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after three weeks of incubation and the additional mineralization after glucose addition in Dikopshof soil (b), the fraction of 14C02 released due to priming increased

with the fraction of '*C retained in the soil matrix for the Thyrow soil (c).

However, the CUE of goethite-adsorbed glucose in Dikopshof soil
was as low as 7%, despite typical CUEs of glucose in soil around 40%
(Schimel, 2023) and highest values around 75% (Sugai and Schimel,
1993). In general, CUE for goethite-sorbed monomers were lower than
those for monomers adsorbed to clay minerals. These findings suggest
that environmental and physiological conditions restricted the microbial
processing of monomers sorbed to goethite. Goethite efficiently binds
phosphate (Antelo et al., 2005; Geelhoed et al., 1998) and organic P
(Amadou et al.,, 2022). Therefore, microbial communities in
goethite-amended mesocosms might have encountered P limitations
(Fig. 6). Such P limitation was confirmed for the Dikopshof soil since
CUE, assimilation and mineralization of goethite-bound glucose

increased to levels comparable to Thyrow soil after loading goethite
with P (Table 3). Minerals incorporated into soil therefore remain
micro-habitats of microbial activity responding to altered nutrient
availability. Similar findings were observed in a field study with mineral
bags buried in topsoil of grasslands in southern Germany (Brandt et al.,
2023). In that study, retrieved goethite with adsorbed organic matter
had lower phospholipid fatty acid (PLFA) to OC ratios and higher
enzyme activities in C-, N-, and P-cycling than illite, thus suggesting
goethite induced C, N and P deficiencies while illite-bound OM and
nutrients desorbed more readily and were more accessible for the
microbiome (Brandt et al., 2023).

In our study, sugars bound to clay minerals desorbed more easily and
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were assimilated to a greater extent. The efficient assimilation of sugars
into microbial biomass is promoted by their biochemical processing.
Hence, the linear relationship between desorbability and CUE was also
caused by the combination of efficient biochemical assimilation and
desorption of sugars.

CUE also depends on cellular maintenance and thus can be modified
by stress (Schimel, 2023). The physical effect of clay minerals and iron
(hydr-)oxides on resident microorganisms can induce cellular stress,
with greater stress typically in the latter than the former. For instance,
the needle-like structures of goethite have been demonstrated to pene-
trate the peptidoglycan layers of bacteria and outer cell membrane
(Glasauer et al., 2001). A strain of Escherichia coli also showed reduced
growth and protective biofilm formation when in contact with goethite
while contact with kaolinite and montmorillonite, in contrast, promoted
growth (Cai et al., 2018). Thus, in our study, clay mineral-influenced
microhabitats would have been conducive to microbial growth
whereas goethite would have been hostile.

Our results also show that additional MAOC can be mineralized after
glucose application (Fig. 8, Supplementary material S5, S6). Priming is
the most likely explanation: Glucose provides an energy-rich substrate
that can increase exo-enzyme production and more mineralization of
MAOC. Our findings of additional MAOC mineralization after glucose
addition are consistent with other studies (Jilling et al., 2021; Li et al.,
2021). Specifically, in Thyrow soil (Fig. 8c), goethite-adsorbed organic
acids were strongly retained in incubations without glucose, but became
available for microbial processing to a larger extent after glucose
application. In Dikopshof, by comparison, a lack of glucose-enhanced
mineralization was most likely due to desorption of ligand-bound
monomers caused by the soil’s pH before glucose was added. This
desorption caused an effective mineralization of goethite sorbed
monomers so that only very little of them was available for
priming-induced mineralization after the first three-week incubation.
Either way, organic acids retained by the soil mineral phase may be
more prone to release and mineralization upon glucose-induced prim-
ing. However, the extent of additional MAOC mineralization after
glucose addition was small compared to the fraction of monomer C
originally retained.

4.3. Implications for C cycling in soil

It is prudent to consider the experimental context when applying our
results to arable soils in field settings. Our study traced the fate of
mineral-associated monomers for only three weeks, during which
monomers adsorbed to clay minerals were assimilated more efficiently
into microbial biomass than those on goethite (Figs. 3a and 5). However,
the long-term retention of ensuing microbial necromass, potentially
through spatial exclusion (Balesdent et al., 2000; Rasmussen et al.,
2005) or re-adsorption to minerals (Angst et al., 2018; Cotrufo et al.,
2013), cannot be assessed within this timeframe. Nonetheless, microbial
necromass could significantly contribute to soil OC formation, especially
in arable soils, depending on microbial death pathways (Camenzind
et al., 2023). Additionally, this study isolated individual minerals, while
in natural soils, clay minerals and pedogenic iron oxides often co-occur.
Field observations (Bramble et al., 2024; Brandt et al., 2023) support
similar differences between iron (hydr-)oxides and illite, albeit also with
isolated minerals. Our observation that goethite sorbs and retains
organic compounds more efficiently than illite (Figs. 3c and 4) may vary
in soils where these minerals are intermixed. However, studies in arable
soils of the humid tropics, with varying contents of kaolinite, gibbsite,
and goethite, reveal that soils with a high oxide-to-clay mineral ratio
exhibit reduced microbial respiration and greater retention of MAOC
over extended incubation (Kirsten et al., 2021). Thus, the observed
behavior of carboxylic acids likely highlights key differences between
oxides and clay minerals and underscores their distinct roles in C cycling
within soil systems.
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5. Conclusions

Assimilation of organic monomers associated with minerals into
microbial biomass and the resulting CUE increase linearly with
desorbability. Monomers initially adsorbed to clay minerals were
retained in the soil primarily through stabilization within the microbial
biomass. In contrast, a majority of monomer-C adsorbed to goethite
remained sorbed to the soil matrix. However, part of this C can be
desorbed and microbially cycled with comparatively low CUE. Our re-
sults highlighted the quantitative importance of small organic acid
sorption to soils for overall C sequestration, substantiating the relevance
of future research of this process. Although the findings of our labora-
tory experiments are in line with field observations, factors like nutrient
availability at mineral surfaces, fluctuating temperatures and wet-dry
cycles may influence the retention of mineral-associated organic mat-
ter in the environment.
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