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ABSTRACT

The details of how soil microorganisms contribute to stable soil organic carbon pools are a pressing knowledge
gap with direct implications for soil health and climate mitigation. It is now recognized that microbial necromass
contributes substantially to the formation of stable soil carbon. However, the quantification of necromass in soils
has largely been limited to model molecules such as aminosugar biomarkers. The abundance and chemical com-
position of other persistent microbial residues remain unresolved, particularly concerning how these pools may
vary with microbial community structure, soil texture, and management practices. Here we use yearlong soil in-
cubation experiments with an isotopic tracer to quantify the composition of persistent residues derived from mi-
crobial communities inhabiting sand or silt dominated soil with annual (corn) or perennial (switchgrass) mono-
cultures. Persistent microbial residues were recovered in diverse soil biomolecular pools including metabolites,
proteins, lipids, and mineral-associated organic matter (MAOM). The relative abundances of microbial contribu-
tions to necromass pools were consistent across cropping systems and soil textures. The greatest residue accumu-
lation was not recovered in MAOM but in the light density fraction of soil debris that persisted after extraction by
chemical fractionation using organic solvents. Necromass abundance was positively correlated with microbial
biomass abundance and revealed a possible role of cell wall morphology in enhancing microbial carbon persis-
tence; while gram-negative bacteria accounted for the greatest contribution to microbial-derived carbon by mass
at one year, residues from gram-positive Actinobacteria and Firmicutes showed greater durability. Together
these results offer a quantitative assessment of the relative importance of diverse molecular classes for generating
durable soil carbon.

1. Introduction

microbial necromass) can substantially contribute to SOC, comprising
an estimated 15-80 % of the SOM pool (Angst et al., 2021; Buckeridge

The urgent need for atmospheric carbon dioxide (CO,) removal in-
cludes efforts to enhance soil carbon (C) sequestration (De Stefano and
Jacobson, 2018; Schlesinger and Amundson, 2019; U.S. White House,
2023). Much recent attention has focused on the opportunity to harness
the soil microbiome to increase soil organic matter (SOM) formation
and persistence via microbial biomass, activity, and turnover (Jansson
and Hofmockel, 2020). This is because soil organic carbon (SOC) origi-
nates from plant inputs (rhizodeposition, litter) which are transformed
by microorganisms, resulting in pools of SOC that can persist over
decades, centuries, and millennia. Recent studies suggest that even
though microbial biomass constitutes <5 % of the SOM/SOC pool, mi-
crobial residues exuded from cells or components of dead biomass (i.e.

et al., 2022; Deng and Liang, 2022). The production and persistence of
microbial necromass as a form of sequestered soil C are compelling;
however, definitive empirical evidence of the chemistry and stabiliza-
tion mechanisms for microbially-derived C remains elusive. Conse-
quently, the most promising opportunities to enhance carbon dioxide
removal via microbial processing may not be fully understood.

The complexity of soils inhibits the direct measurement of what
happens to microbial C after it is produced (Buckeridge et al., 2022). As
a result, our understanding of microbial derived SOM is largely based
on model molecules and molecular fingerprinting based approaches
that compare the bulk chemistry of soils to potential source biomass
(Whalen et al., 2022). Quantification of aminosugar biomarkers has
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been widely applied to estimate the contribution of microbial necro-
mass to SOM through stoichiometric scaling (Angst et al., 2021;
Appuhn et al., 2004; Glaser et al., 2004). By design, this scaling solely
accounts for cell wall biomass contributions, although other microbial
residues (e.g. metabolites, enzymes, extracellular polymeric sub-
stances) may additionally contribute to SOM (Whalen et al., 2022).
Within the SOM pool, mineral-associated organic matter (MAOM), is
thought to be primarily microbial in origin because its isotopic compo-
sition more closely resembles that of microbial biomass (Dijkstra et al.,
2006; Sollins et al., 2006). Molecular fingerprinting of MAOM has indi-
cated a predominance of nitrogenous compounds potentially derived
from peptides and proteins in addition to polysaccharides (Heckman et
al., 2018; Simpson et al., 2007). However, measurements of MAOM rely
on density fractionation methods to separate MAOM from lighter par-
ticulate organic matter (POM) (von Liitzow et al., 2007) composed
largely of lignin, hemicelluloses, and lipids attributed to plant inputs
and debris (Ludwig et al., 2015; Solomon et al., 2000). While POM and
MAOM are chemically distinct, density fractionation is unable to isolate
molecular classes of SOM.

Characterization of the biomolecular macromolecules that microor-
ganisms contribute to soil C stocks requires an approach that isolates
microbial-derived C. Incubations of artificial soils (i.e. organic-free mix-
tures of sand, silt, and clay) can be leveraged (Golchin et al., 1996;
Kallenbach et al., 2016), as any C is sourced from amended microorgan-
isms. However, the quantitative relevance to soil ecosystems is un-
known due to the reduced complexity of artificial soils that lack initial
SOC. Alternatively, isotope tracer experiments that track the incorpora-
tion of labeled substrates into the SOM pool can investigate the micro-
bial contribution of specific molecular classes to SOM (Buckeridge et
al., 2020a, 2020b; Gunina et al., 2017; Kindler et al., 2009; Malik et al.,
2015; Miltner et al., 2009, 2012; Throckmorton et al., 2012). Most
tracer studies to date have employed labeled microbial biomass amend-
ments to directly quantify the fate of microbial cell components (Ali et
al., 2020; Buckeridge et al., 2020a, 2020b; Kindler et al., 2009; Miltner
et al., 2009, 2012; Throckmorton et al., 2012). Only a few studies have
used additions of labeled substrate to explicitly consider live biomass
turnover (including metabolites) in estimating the turnover rates of soil
biomolecular pools (Gunina et al., 2017; Malik et al., 2015). Yet, the
timescale of these incubations (<50 days) did not allow for the evalua-
tion of residue stabilization after biomass turnover (Moore et al., 2005;
Rousk and Baath, 2007; Waring et al., 2013). To our knowledge, no
long-term incubation has comprehensively characterized the persistent
chemical pools of microbial residues in live soil.

Enhancing durable C pathways requires an understanding of not
only the specific microbial macromolecules that accrue and persist in
soil but also the factors that control their accrual. Stabilization of
residues on mineral surfaces is known to regulate microbial C accumu-
lation (Ma et al., 2018; Rasmussen et al., 2018; Zhao et al., 2020). Soil
microbes tend to attach to surfaces via extracellular polymeric sub-
stances (EPS). Because EPS and other microbial-derived residues
largely consist of low molecular weight, charged organic compounds,
microbial residues readily adsorb to active sites on clays and reactive
iron oxides (Jilling et al., 2018; Kogel-Knabner, 2017; Kogel-Knabner et
al., 2008). The affinity of specific macromolecules to bind to mineral
surfaces is thought to be dependent on mineralogy and soil texture in
addition to the physicochemical properties of the macromolecule
(Kleber et al., 2021). However, the rate at which microbial C is stabi-
lized also depends on the availability of residues for stabilization, i.e.
residue production and turnover (Cotrufo et al., 2013; Kallenbach et al.,
2016). Residue production is regulated by the rate and efficiency with
which microorganisms metabolize C inputs to biomass growth
(Kallenbach et al., 2015), whereas turnover is modulated by the inte-
gration of macromolecules within complex biotic structures (Gleixner
et al., 2002; Kindler et al., 2009) and the renewal rates or recycling
within living biomass (Gunina et al., 2017; Malik et al., 2015). Morpho-
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logical differences in cell wall composition may account for differential
turnover of residues (Malik et al., 2015), potentially resulting in a
greater likelihood for some guilds of microorganisms to contribute to
persistent SOC. Environmental factors such as soil texture (Lauber et
al., 2008) and the composition of plant communities (Schmidt et al.,
2019) are known to influence the quantity and chemistry of bioavail-
able substrates, which is a strong selection force on soil microbial com-
munity structure (Barberan et al., 2012; Hargreaves and Hofmockel,
2014). The degree to which microbial residue production and stabiliza-
tion may be affected by soil texture and plant selection on soil micro-
biomes has yet to be resolved. If significant, microbial community com-
position could be leveraged to predict and manage SOM accumulation
across diverse ecosystems.

The goal of the present study is to characterize the composition of
microbial-derived SOM with an emphasis on compound classes that
persist in soils over time. Specifically, we hypothesize that 1) persistent
microbial residues are diverse, including proteins, lipids, and metabo-
lites, 2) the quantity of microbial residues that accrue and persist differs
with soil texture, and 3) differences in microbial community composi-
tion, caused by environmental selection, will result in different distribu-
tions of microbial-derived C.

To address these hypotheses, we sampled decade-old bioenergy field
experiments from two locations with similar climates, identical man-
agement, and contrasting soil textures to conduct a year-long labora-
tory incubation experiment. We assessed the production, chemical com-
position, and persistence of microbial residues using *C-labeled glu-
cose additions as a proxy for easily assimilable sugars that dominate
root exudates (Hiitsch et al., 2002). As our incubations did not contain
plant or root material, all cycling of labeled C can be attributed to mi-
crobial dynamics. After labeled glucose was rapidly cycled through the
‘microbial loop’, the chemical composition of microbial residues was
quantified using stable isotope probing of molecular fractions at
2 months and 1 year.

2. Materials and methods
2.1. Site description and field soil sampling

The two soils investigated in this study were collected from the Uni-
versity of Wisconsin - Madison's Arlington Agricultural Research Sta-
tion (AARS) in Arlington, Wisconsin (43°18’N, 89°21'W) and at Michi-
gan State University's Kellogg Biological Station (KBS) in Hickory Cor-
ners, Michigan (42°24'N, 85°24’'W). These sites are part of the Great
Lakes Bioenergy Research Center (GLBRC) Intensive Biofuel Cropping
System Experiments that were established to evaluate the impact of
identical cropping and land management practices in different soil
types. The AARS site contains soils primarily of the Plano series which
are characterized as silt loam mesic Typic Argiudoll (National
Cooperate Soil Survey, 2012) comprised of 9 % sand, 66 % silt, and
25 % clay (Sprunger and Philip Robertson, 2018). The KBS site contains
soils predominantly of the Kalamazoo series characterized as sandy
loam mesic Typic Hapludalfs (Mufioz and Kravchenko, 2011) composed
of 63 % sand, 31 % silt, and 6 % clay (Sprunger and Philip Robertson,
2018). Both sites were established in 2008 with detailed site characteri-
zation described in previous studies (Sanford et al., 2016). Briefly, each
site was divided into five blocks. Each block contained one 40 m by
28 m plot planted in monoculture with the perennial grass Panicum vir-
gatum (switchgrass) and one 40 m by 28 m plot that was continuously
planted with Zea mays L. (corn).

In April 2018, after 10 years of perennial or annual monoculture
crop management, soil was collected from 5 to 15 cm below the ground
surface at both sites. Soil was collected in each corn and switchgrass
plot, from all five blocks, using a 5 cm diameter hammer core. Fifteen
cores from each plot were combined and shipped overnight on cold
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packs. After receiving the samples, the soils were stored in the labora-
tory at 4 °C until the experimental incubation.

2.2. Experimental design and incubation details

We performed a one-year stable isotope probing experiment to track
the production and persistence of microbial residues in soil. The incu-
bation study included 20 soils (2 sites X 2 cropping systems X 5 repli-
cate field blocks). Soils were prepared by first homogenizing samples
using a sterile 2 mm sieve to remove POM and roots >2 mm. While
fungal influence on microbial residue production can be affected in
sieved soil due to physical disruption, long term incubations have suc-
cessfully demonstrated fungal recovery (Guggenberger et al., 1999). Af-
ter sieving, microcosms were assembling by transferring 125 g of soil
into 236 mL wide-mouth Ball mason jars with screw-top lids. Jar lids
were modified by drilling a 7 mm hole. A piece of filter paper (1.2 pm
pore size) was placed over the opening of each jar to maintain aerobic
conditions while preventing contamination. The microcosms were
brought up to a target moisture of 60 % water-filled pore space (WFPS)
(Roley et al., 2018) and incubated for 13 days at 15 °C to ensure an ac-
tive microbial community was present at the start of the experiment
and to allow the mineralization of substrates brought into fresh contact
with microorganisms during sieving.

Prior to treatment, the microcosms were uncapped and allowed to
air-dry for four days to allow for even dispersion of added solutions
throughout the soil. Soils received either *C-glucose (uniformly la-
beled 99 % !3C) or natural abundance glucose (NA-glucose). Glucose
treatments were amended to a target starting concentration of 100 pg C
per g dry soil. Microcosms were maintained on a three-week moisture
cycle: wetted to 60 % WEFPS weekly for 2 weeks followed by a dry-
down on the third week (Tiemann and Billings, 2011). Plants that
sprouted in the jar throughout the incubation were removed weekly to
focus only on the effects of the legacy corn or switchgrass cropping sys-
tems. Microcosms were destructively harvested at 64 days (~2 months)
and 365 days (1 year) after the initiation of glucose treatments. Be-
cause the turnover time of living cells is estimated to be 30-50 days in
soil (Blagodatskaya et al., 2011; Kuzyakov et al., 2009), the timepoint
at 2 months provides insight into early microbial residue and necro-
mass production, whereas the 1 year timepoint accounts for the persis-
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tence of residues. Subsamples were immediately frozen and stored at
—80 °C until extraction.

2.3. Respiration measurements

CO, efflux was measured twice during pre-incubation to monitor
baseline microbial activity. We measured respiration 1 day after iso-
topic amendment to document the labeled substrate entering the mi-
crobial loop. To monitor the decline in bioavailable microbial
residues being respired and the transition to residue persistence, we
subsequently sampled at 8, 64, 190, and 365 days, corresponding
with destructive sampling for necromass accumulation among the
molecular pools. Prior to each gas sampling event, representative jars
for each site X crop X block treatment (40 microcosms total) were
re-wet to 60 % WEFPS to account for dehydration and then capped
for 24 h. Headspace gas was collected with a 20 mL gas-tight syringe
and stored in 12 mL pre-evacuated exetainers (Labco Ltd., UK). Ex-
perimental jars not sampled for CO, were capped with solid lids dur-
ing these 24 h to maintain consistent headspace and moisture condi-
tions across all replicates. Determination of 3G/12C in the headspace
CO, as well as CO, concentration (ppm) was conducted on a Gas-
Bench System coupled to a Delta V Plus isotope ratio mass spectrom-
eter (ThermoScientific, Bremen, Germany) at UC Davis Stable Isotope
Facility (UC Davis SIF Davis, CA, USA).

2.4. Isolation and quantification of biochemical pools

To probe specific macromolecular pools of microbial C, we applied a
novel method (Nicora et al., 2018) that combines chemical fractiona-
tion with rudimentary physical fractionation of the remaining unex-
tracted SOM by adaptation of the Folch method (Fig. 1A) (Folch et al.,
1957). Chloroform, methanol, and water are used to simultaneously ex-
tract metabolites, proteins, and lipids from soil. As chloroform is not
soluble in water, triphasic separation of the molecular fractions (a top
aqueous phase containing hydrophilic metabolites, a bottom chloro-
form layer containing lipids, and a crude protein disk at the hydropho-
bic-hydrophilic interface) is possible (Nicora et al., 2018). Briefly, 10 g
of freeze-dried soil was mixed with water-methanol-chloroform in a
monophasic solvent mixture (4:10:5). Preliminary tests indicated
monophasic solvent extraction improved lipid recoveries compared to
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Fig. 1. To examine the chemical profile of persistent microbial residues across two cropping systems (annual corn and perennial switchgrass) and soil textures (silty
loam from Wisconsin, sandy loam from Michigan), g *C excess g™! dry soil was quantified in each component of a modified Folch extraction which resulted in
metabolite, protein, lipid, extracted complex residual unidentified debris (CRUD) and unextracted mineral-associated organic matter (MAOM) in the leftover soil pel-
let (A). Overall mean =+ standard error for 13¢ enrichment (Wt% 3¢ excess) and total labeled mass (ug 13C) of the pools per gram of dry soil (B) at one year are dis-
played. The proportion of excess 1>C per gram of dry soil recovered in each pool after two months (C) and one year (D) are also shown. >88 % of the *C remaining
in whole soils was accounted for in the microbial residue pools after 64 days (88.4 % - 99.2 %) and 365 days (92.4 % - 103.4 %) of incubation.
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biphasic solvent mixtures without impacting protein yields. The sample
was disrupted with two rounds of bead beating with 10 g of garnet and
stainless-steel beads (10 min at 20 Hz) and probe sonication (45 s at
70 % amplitude), taking care to keep the sample cold between steps.
Samples were mixed on an end-over-end tube rotator for 2 h at 4° C.
The samples were then extracted overnight at 4° C and subsequently
mixed for an additional 2 h. A triphasic system was formed by adding
additional water and chloroform followed by centrifugation at 4000g
for 5 min. The solvent layers and interlayer were removed, and the re-
maining soil was re-extracted after repeating the bead beating and soni-
cation steps. Preliminary data indicated incomplete extraction of
metabolite and lipids in the first extract, but negligible recovery in ex-
tracts after the second round. The interlayers from the two rounds of ex-
tractions were combined and re-extracted again with bead beating to
remove contaminants from the solvent layers. Protein was solubilized
from the cleaned interlayer with 4 % SDS and 100 mM DL-
dithiothreitol in 50 mM tris buffer (adjusted to pH 8.0) by mixing for
30 min at 50° C, followed by precipitation with trichloroacetic acid. Be-
cause chloroform's density is 1.49 g/cm3 (Clara et al., 2010), unex-
tracted soil debris remaining in the disk interlayer after protein extrac-
tion is roughly equivalent to the “light fraction” resulting from density
fractionation methods. Associations of SOM to mineral surfaces are of-
ten characterized by a density >1.6-2 g/cm? (von Liitzow et al., 2007).
While the remaining soil pellet contains all chemically unextracted
MAOM, “true” organo-mineral complexes cannot be distinguished
within this fraction (von Liitzow et al., 2007). The remaining material
from the interlayer that could not be solubilized with the protein buffer
we define as Crude Remaining Unidentified Debris (CRUD). The CRUD
fraction was washed three times with acetone to remove protein solubi-
lization buffer residues. Therefore, both the protein pool and the CRUD
derive from the interlayer that separates the polar metabolite (water/
methanol) and lipid layer (chloroform) for each sample (Fig. 1A). Sol-
vent samples were dried by speedvac and stored at -20° C. The leftover
soil pellet (representing unextracted MAOM), CRUD, and protein were
freeze dried and stored at -80° C.

This extraction method performs chemical fractionation along with
rudimentary physical (density) fractionation due to the density of chlo-
roform (1.49 g/cm3) (Claré et al., 2010) used for triphasic separation.
We were unable to perform physical fractionation prior to chemical
fractionation because the mass required of each physical fraction (10 g)
to meet the minimum C requirements for subsequent Folch fractiona-
tion was prohibitive. Because chemical fractionation protocols extract
any organic molecules soluble in the extracting agent (von Liitzow et
al., 2007), the metabolite, lipid, and protein pools include dissolved
organo-mineral complexes. CRUD derived from the interlayer is lighter
than traditionally defined MAOM, which is characterized by densities
ranging from 1.6 to 2 g/cm® (von Liitzow et al., 2007). We refer to the
unextracted light density fraction as CRUD in lieu of POM because we
did not size fractionate before chemical fractionation. Similarly, unex-
tracted MAOM is not entirely representative of “true” MAOM because it
includes some fraction of lighter (1.49-1.6 g/cm®) density. Hereafter
the unextracted MAOM is referred to as MAOM,,. to acknowledge the
operational definition is similar, but not identical to standard density
fractionations.

2.5. IRMS and soil carbon and nitrogen measurements

To quantify microbial-derived C, we traced the 1°C label through the
microbial biomass and into biomolecular fractions. We performed iso-
topic analysis (6'3C) of dried sample fractions (metabolite, protein,
lipid, CRUD, and MAOM,.) and whole soil at the EMSL user facility at
Pacific Northwest National Laboratory in Richland, WA (USA) using a
Costech Analytical (Valencia, CA) Elemental Analyzer (EA, ECS 4010
CHNSO Analyzer) coupled to a Thermo Scientific (Bremen, Germany)
Delta V Plus IRMS (Isotope Ratio Mass Spectrometry). All samples were
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loaded into tin capsules for introduction to the EA. The EA combustion
reactor (loaded with cobaltic oxide and chromium oxide catalyst) was
maintained at 1020 °C and the reduction reactor (with copper catalyst)
at 650 °C. In-house glutamic acid isotope standards were calibrated
against USGS-40 and USGS-41 (8'3C of —26.39 %o and + 37.63 %o, re-
spectively) and used as the basis for a 2-point data correction (Coplen et
al., 2006). All data were reported in delta (5) notation:

Rsample
S = -1 1000
<R ) % 100

standard

where Rgppe is the measured 13C/12G ratio of a sample and Ry dara
is that of a standard. In this case, we reference all isotope measurements
to Vienna Pee Dee Belmnite (VPDB) with an Rg,ngarg Of 0.0112372.

The leftover soil pellet after extraction and unextracted whole soil
(WS) samples were analyzed for total carbon/total nitrogen (TC/TN) on
a Vario EL cube elemental analyzer (Elementar Langenselbold, Ger-
many). Samples were first freeze-dried and ground in a ball mill (Retsch
MM400) with 2.3 mm stainless steel beads to improve the accuracy of
the measurements, as these samples had low C content.

2.6. Chemical analysis of CRUD

183G Solid-State Cross-Polarization/Magic-Angle-Spinning Nuclear
Magnetic Resonance (CP/MAS !3C ssNMR) analyses were performed us-
ing an Oxford Instruments 9.4 T widebore magnet with an Agilent VN-
MRS spectrometer and a homebuilt 4 mm HX probe (KelF MAS housing
from Revolution NMR) in the EMSL user facility at Pacific Northwest
National Laboratory in Richland, WA (USA). 13 shifts were referenced
to tetramethylsilane (TMS) at O ppm via a secondary reference of the
methylene carbon of adamantane at 38.48 ppm. The RF fields for cross
polarization were 55 kHz for 'H and 45 kHz for '3C with a 'H decou-
pling field of 50 kHz utilizing a SPINAL-64 scheme (Fung et al., 2000).
Samples were spun at 10 kHz with a contact time of 1 ms and a recycle
delay of 0.5 s. Only CRUD samples were analyzed, as the pool of C in
unextracted MAOM in the leftover soil pellet was too low in C for analy-
sis. Spectra were acquired for samples incubated with either *C-labeled
or natural abundance glucose under identical experimental conditions,
then scaled by the sample mass. The difference between mass-scaled
13G-labeled and natural abundance samples was taken to only show the
incorporated !3C label (Fig. S1). Due to the inherent insensitivity of di-
rect polarization and long transverse relaxation times, the NMR signals
were acquired using cross polarization (Pines et al., 1972). The nonuni-
formity of magnetization transfer between the proton spin bath and the
individual carbons precludes quantitation of the C spectrum.

To further evaluate the organic composition of CRUD and determine
if it is mineral-associated, we conducted Fourier Transform Infrared
Spectroscopy (FT-IR) on samples amended with natural abundance glu-
cose. FT-IR spectra were collected in transmission mode with a Bruker
IFS66/S spectrometer with a LUMOS infrared microscope detector in
the EMSL user facility at Pacific Northwest National Laboratory in Rich-
land, WA (USA). Samples were first compressed to a thickness < 10 pm
in a diamond anvil cell. Spectra were collected with OPUS 8.2.28 soft-
ware. For each spectrum, 128 scans were averaged with a spectral reso-
lution of 2 em™ and a frequency range of 400-4000 cm™. Chemical
functionalities and the presence of minerals were qualitatively identi-
fied by their characteristic absorption peaks previously published
(Bukalo et al., 2017; Rochman et al., 2019; Shetti and Nandibewoor,
2009), as quantitative transmission mode FTIR of solid samples is error-
prone (Keshavarzi et al., 2020).

To confirm mineral composition and crystallinity, we performed X-
ray diffraction (XRD). XRD phase patterns of the samples were collected
with 26 values ranging between 5 and 80° on a Rigaku XRD (SmartLab
SE) equipped with a HyPix-400 detector which was operated at 50 kV
and 40 mA with Cu Ka radiation. Phase identification was conducted
with JADE software (9.5.1) and the 2012 PDF4+ database (Gates-
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Rector and Blanton, 2019). Phase matches were based on peak position
and the relative intensity of peaks. However, these phase patterns are
not quantitative because orientation and particle size of the clay mater-
ial results in variable peak broadening.

2.7. Phospholipid-derived fatty acids analysis

To discern if microbial residue production and persistence can be re-
lated to microbial community structure or specific microbial guilds, we
additionally used amplicon sequencing and diagnostic PLFA biomark-
ers to profile the microbial community at each timepoint. Phospho-
lipids were isolated and methylated from a subset of the modified Folch
total lipid pool following the protocol described by Quideau et al.
(2016). Prior to isolation and derivatization, PC(c19:0;c19:0) was
added as a surrogate phospholipid internal standard. Phospholipids
were dried under nitrogen and sent to the UC Davis Stable Isotope Facil-
ity (UC Davis SIF Davis, CA, USA) for quantification. The reported 13C
values were corrected to account for the background !°C present in the
system by subtraction of the paired natural abundance controls from
the 13C-glucose amended samples. A linear regression was performed
after a square root correction to address residual heteroscedasticity. Mi-
crobial biomass PLFAs were calculated by summing only the saturated
PLFAs less than 20C in length, the monounsaturated PLFAs less than
18C in length, and the polyunsaturated PLFAs less than 20C in length
that were previously found to correlate with chloroform-fumigated bio-
mass (Bailey et al., 2002). Diagnostic PLFAs for microbial groups were
quantified according to (Quideau et al., 2016).

2.8. Amplicon sequencing

DNA was extracted from 0.25 g of soil using a DNeasy PowerSoil Kit
(Qiagen, Venlo, Netherlands) according to the manufacturer's instruc-
tions. Sequencing was performed on the prokaryotic 16S V4/V5 region
with the primer pair 515F (5° GTGCCAGCMGCCGCGGTAA 3’) and
806R (5° GGACTACHVGGGTWTCTAAT 3’) by Illumina MiSeq
2 X 151 bp paired-end sequencing, and the fungal ITS-1 region with
the primer pair ITS1f (5° CTTGGTCATTTAGAGGAAGTAA 3') and ITS2
(5" GCTGCGTTCTTCATCGATGC 3’) by Illumina MiSeq 2 x 250 bp
paired-end sequencing. Sequencing followed the Earth Microbiome
protocols for 16S and ITS, except for the use of forward barcoded 16S
primers (Bond-Lamberty et al., 2016; Caporaso et al., 2012). The se-
quences were demultiplexed and processed using the Qiime2 version
2020.2 implementation of Demux and Dada2 software packages, re-
spectively (Bolyen et al., 2019; Callahan et al., 2016; Hamady et al.,
2008). Bacterial and archaeal taxonomy was assigned with the Silva
v132 Qiime release using a pre-trained Naive Bayes classifier that was
trained on the 16S Silval32 99 % OTUs and 16S 99 % all levels consen-
sus taxonomy files with default settings (0.70 similarity) (Bolyen et al.,
2019; Quast et al., 2013). Fungal taxonomy was similarly assigned us-
ing the UNITE v8 Qiime release 99 % OTU and 99 % taxonomy files
(Nilsson et al., 2019). All sequences that were not bacterial and ar-
chaeal (16S) or fungal (ITS) were removed and not included in any
downstream analyses. Sequences are available on the NCBI sequence
read archive under accession numbers PRJINA834822 (16S) and PRJ-
NA834837 (ITS).

2.9. Statistical analysis

Statistical analyses were performed using R version 4.1.2 analysis
software (R Core Team, 2022) with the packages ‘vegan’ (Dixon, 2003)
and ‘rstatix’ (Kassambara, 2020). Raw data, processing scripts, and re-
sults for all statistical analyses are available at https://github.com/
kaitlin-rempfert/microbialCbudget. Mixed model ANOVA tests (one-
sided) were used to determine differences in CO, respiration rates, C
concentration, 3G enrichment, and mass using soil texture, cropping
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system, and timepoint as categorical predictor variables. Total sum
scaling normalization of the raw 16S and ITS ASV tables were per-
formed prior to statistical analyses on microbial community structure.
A PERMANOVA was run on a Bray-Curtis dissimilarity matrix to deter-
mine the microbial community structure response to soil texture and
legacy cropping system using the ‘adonis2’ function from the ‘vegan’
package. Community structure, identified via Bray-Curtis dissimilarity,
was visualized with a two-dimensional NMDS ordination. A p-value cut-
off of 0.05 was used to determine statistical significance in all analyses.
Unless specified otherwise, values are reported as mean + /— standard
error.

3. Results and discussion

3.1. Consistent patterns of microbial-derived C across soil textures and
cropping systems

By tracing !C incorporation into microbial biomass, extractable
biomolecular pools, and mineral fractions, we were able to quantify the
fate of microbial '3C over time. Within 24 h of the isotope addition, the
respired *CO, was approximately three times the 12CO, respiration de-
rived from native SOC (Fig. S2). After the rapid microbial processing of
the isotopically-labeled substrate, native SOM supported microbial res-
piration and microbial residues transitioned to more stable pools, as ev-
idenced by greater 12CO, than 3CO, production for the remainder of
the incubation (Fig. S2). After 2 months, 47.6 % of the added substrate
was lost to respiration, while 52.4 % was retained in the soil. Within the
13C retained in the soil pool, only 0.19 pg g~! soil (0.4 %) was detected
in phospholipid-derived fatty acid (PLFA) biomass, a proxy for the liv-
ing microbial community (Gregorich, 2007). Biomass PLFA abundances
(ug C in PLFA g7! soil) did not significantly decrease between two
months and one year of incubation (F = 1.7, R? = 0.06, p = 2.2E-1);
however, the weight % 3C enrichment of microbial biomass PLFAs sig-
nificantly decreased over this time (significant interaction effect of site
and timepoint; sandy loam: F = 40.376, R?> = 0.63, p adj = 2.6E-4,
silty loam: F = 13.093, R? = 0.339, p = 1.2E-2), indicating steady-
state turnover of the microbial biomass pool.

After two months, the turnover of microbial biomass produced a
consistent distribution of compound classes in both sandy and silty
loams (Fig. 1 C). In both soil textures, the greatest concentration of mi-
crobial residues was retained in two chemically unextracted fractions:
the light density Crude Residual Unidentified Debris (CRUD) that was
isolated during the modified Folch extraction, and the residual unex-
tracted MAOM (MAOM,,.). The concentration of chemically extractable
residues was greatest in the total lipid fraction, followed by the metabo-
lite and protein pools (ug '3C excess per g soil; p < 2.6 E-9). The rela-
tive abundances of microbial contributions to these pools did not vary
significantly between treatments and timepoints (Fig. 1 C—D), sug-
gesting that at the community scale, microbial compositional differ-
ences among soils and cropping systems were not strong enough to af-
fect bulk necromass pools. Amplicon sequencing of extracted DNA re-
vealed significant differences in bacterial and fungal community com-
position with soil texture (PERMANOVA Bacterial: F = 26.65,
R? = 0.22, p = 1.0E-3; Fungal: F = 4.83, R = 0.06, p = 1.0E-3) and
secondary compositional differences between cropping systems (Bacte-
rial: F = 7.40, R? = 0.06, p = 1.0E-3; Fungal: F = 1.74, R?> = 0.02,
p = 1.0E-3) (Fig. S3). Because microbial community composition
strongly influences biomass molecular composition (Kogel-Knabner,
2017), we had hypothesized that environmental selection effects of soil
texture and cropping system from the field should drive differences in
the macromolecular composition of microbial residues in the incuba-
tion experiment. While microbial dissimilarity in the incubation reflects
selection from the native field microbial communities, as evidenced by
apparent compositional differences between soil textures at 24 h of in-
cubation and only minor compositional changes over the course of the
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incubation (F = 6.9, R? = 0.09, p = 1.0E-3) (Fig. S3), macromolecu-
lar composition of microbial residues was consistent. It may be that the
macromolecular composition of microbial residues is largely invariant
across ecosystems, or that other environmental factors such as climate
(Banerjee et al., 2016) or pH (Fierer and Jackson, 2006) select for mi-
crobial communities with more varying biomass composition.

3.2. Soil texture and the persistence of microbial residues

Although the CRUD and MAOM,,, pools were 2.5 times lower in 1°C
enrichment (wt. percent 13C excess) compared to the lipid, protein, and
metabolite pools (Fig. 1B), they had >4 times the amount of '3C than
the other biomolecular pools (Fig. 1B). Together these two pools re-
tained ~68 % (%= 15 %) of the microbially-derived C at both two
months and one year (Fig. 1 C—D). At the end of the experiment,
CRUD was the single largest pool of persistent microbial C (17 pg excess
13C GRUD per g dry soil). This discovery provides original evidence of
soil fractions that may be important targets for enhancing the accumu-
lation of microbial residues.

The accumulation of microbial necromass in the CRUD fraction is an
intriguing outcome of our experiment. The CRUD pool is isolated from
the light density (<1.49 g/cm®) debris remaining after protein extrac-
tion of the interlayer between the hydrophobic lipid and hydrophilic
metabolite fractions (Fig. 1A), which is lighter than standard densities
of MAOM (1.6-2 g/cm?®). The CRUD pool was dynamic and increased
from 2 months to one year (3811 =+ 2435 pg C per g soil) in the silty
loam (pg C in CRUD per g soil; F = 84.0, R? = 0.40, p = 9.12E-8). On
average, the accumulation of new microbial residues in CRUD was
greatest in silty loams (ug '3C excess in CRUD per g soil; F = 6.29,
R% = 0.18, p = 2.4E-2), switchgrass soils (F = 10.879, R? = 0.28,
p = 5.0E-3) and at one year (F = 5.45, R? = 0.15, p = 3.4E-2), indi-
cating potential for perennial plant microbiomes to amplify C accumu-
lation in fine-textured soils. However, because soil clay content is also
associated with higher nutrient retention and C availability that sup-
port microbial growth (Bach et al., 2010), the role of mineral sorption
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in microbial residue persistence is confounded with effects of differen-
tial microbial community structure and abundance.

While less dense than traditionally defined MAOM (von Liitzow et
al., 2007), analysis by XRD confirms that the CRUD fraction contains
both quartz and mica (muscovite and kaolinite) (Fig. 2A). The presence
of mineral phases is corroborated by FTIR analysis (Fig. 2B) in which
the presence of silica and mica minerals can be inferred. Quartz is a
common mineral in many geological environments that has a stable
crystalline structure (Wu et al., 2015). However, if amorphous silica is
also present, adsorption of SOM could be facilitated by silanol (Si-OH)
and siloxane (-Si-O-Si-) bridges (Datta et al., 2017). Mica, on the other
hand, is known for its layered structure that provides specific adsorp-
tion sites for organic matter (Zhang et al., 2022). Previous research has
shown that the concentration of amorphous aluminosilicate clays is
positively associated with low molecular weight aliphatic and organic
acids (Sokolova, 2020) such as those commonly produced by microor-
ganisms.

Further investigation of the CRUD suggests the presence of organic
molecules common in microbial residues. FTIR analysis (Fig. 2B) re-
vealed that aliphatic primary amines are associated with the mineral
phases of the CRUD, as identified by N—H stretching vibrations at
3389.31 cm™}, suggestive of N-rich organic matter such as aminosug-
ars. The association of microbial-derived residues with the CRUD frac-
tion was further supported by ssNMR analysis, which revealed that iso-
topic labeling of the CRUD is dominated by organics with carbonyl and
carboxyl functional groups as well as carbohydrates (Fig. 3).

Taken together, the low density of the CRUD fraction and organic
composition of associated *3C residues could indicate microbial C accu-
mulation in soil POM. Lighter density fractions (<1.6 g/ cm?) are com-
prised primarily of plant-derived POM (either free or occluded in aggre-
gates) (Christensen, 1992). While we did not size-fractionate to allow
for definitive POM identification (Gregorich et al., 2006), accrual of mi-
crobial C in POM is consistent with recent work that demonstrated in-
corporation of labeled plant litter into fungal hyphae and EPS on the
surface of plant POM (Witzgall et al., 2021). Both EPS and fungal necro-
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Fig. 2. A) XRD patterns of two-month CRUD fractions from each cropping system x soil texture condition. The green, magenta, and cyan tick marks indicate the po-
sitions of diffraction maxima of quartz, muscovite clay, and kaolinite clay, respectively (Gates-Rector and Blanton, 2019). The main peak observed at 26.81° and the
leading peak at 20.92° are primarily attributed to the quartz (100) and (011) planes. Significant peaks at 19.91° and 34.98° correspond to the (117) and (137) planes
of muscovite. B) FTIR spectra of two-month CRUD fractions from each cropping system X soil texture condition. The presence of silica can be inferred by the
Si—O longitudinal stretching mode (1114.84 cm_l), in-plane stretching mode (1022.00 cm_l), and bending modes at 797.24 cm™! and 780.20 cm™!. The presence
of mica minerals were identified by the stretching (3697 em™) and bending (913.38 cm™Y) vibrations of inner-surface hydroxyl groups (Bukalo et al., 2017).
Aliphatic primary amines are identified by N—H stretching vibrations at 3389.31 cm™" (Shetti and Nandibewoor, 2009). Additionally, the vibrational mode at
1114.84 cm™! could potentially correspond to C—O stretching in tertiary alcohols (Rochman et al., 2019).
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Fig. 3. '°C ssNMR spectra of microbial derived residues in two-month CRUD samples. The paired NA-Glucose control spectra were subtracted from '*C-Glucose spec-

tra.

mass contain high proportions of polysaccharides (Di Martino, 2018;
See et al., 2022) that are consistent with our NMR and FTIR analyses of
CRUD. Fungal hyphae are hypothesized to facilitate biofilm and EPS
production (See et al., 2022) which could promote organo-mineral in-
teractions (Kleber et al., 2015). In laboratory experiments, a wetting be-
havior of exometabolites has been observed on hyphae incubated with
quartz particles, revealing a potential mechanism for fungal soil aggre-
gation (Pucetaite et al., 2022). Our results support emerging concepts
of a gradient of organo-mineral composites that may not align with tra-
ditional definitions of POM and MAOM (Wagai et al., 2020). Our results
merit the quantification of microbial C in POM across soils, given its po-
tential ability to protect necromass via organo-mineral complexation or
aggregation. If protected for a prolonged time, this pool could represent
a dominant reservoir of stabilized C across a wide range of soils (Jones
and Singh, 2014).

The retention of microbial necromass in MAOM,,, was significantly
less abundant and persistent than CRUD. Although the background
MAOM,, pool (pg Cin MAOM,, per g of dry soil) was greater in the silty
(7478 + 1247) compared to sandy soils (5055 = 1417) soils
(F = 76.0, R? = 0.75, p = 8.61E-7), there were no detectable effects
of soil texture on the accumulation of microbial debris in MAOM,,. (ug
13C excess in MAOM,, per g of dry soil) over the year incubation. While
clay and silt-sized mineral particles contain abundant reactive oxide
and phyllosilicate surfaces that can bind organic matter, there is a finite
capacity for C accrual due to the saturation of reactive mineral-
associated sites (Georgiou et al., 2022). If field soils were approaching
saturation, little increase in the mineral-associated SOC pool would be
expected with laboratory addition of C. For both soil textures, a signifi-

cant decrease in bulk soil microbial residue persistence was detected
between 2 months and 1 year (F = 80.7, R? = 0.64, p = 1.19E-7) dri-
ven by a 34 % decrease in labeled MAOM,, over this time (ug 13C excess
per g of dry soil; F = 30.0, R? = 0.41, p = 5.1E-3). This loss is likely
caused by the mineralization of native soil C in the absence of new C in-
puts during the experiment and is consistent with previous experimen-
tal evidence of root exudates stimulating C mobilization from MAOM
(Jilling et al., 2021; Keiluweit et al., 2015). SOC decomposition is sup-
ported by parallel decreases in the total (pg C in MAOM,,, per g dry soil;
F = 21.5,R%? = 0.45, p = 4.62E-4) and enriched (pg *C in MAOM,,,
per g of dry soil; F = 18.3, R? = 0.32, p = 6.61E-4) MAOM,, pools be-
tween 2 months and 1 year, as well as increased 12CO, respiration over
the experiment (Fig. S2).

3.3. Diverse biomolecules contribute to the accumulation of microbial-
derived C in soil

Microbially generated metabolites, which have not previously been
included in necromass measurements that consider solely cell compo-
nents, comprised only 0.3 % of the soil C mass, but were a dominant
fraction of microbial residues (12.5 % * 4.4 %) (Fig. 1 C—D).
Metabolites were an order of magnitude more enriched than any other
residue pool, which resulted in a disproportionate contribution to the
accumulation of new microbial-derived C. Greater microbial biomass in
silty (0.2 + 0.09 pg '3C excess biomass-proxy PLFAs per g soil) com-
pared to sandy soil (0.12 * 0.09 pg '3C excess biomass-proxy PLFAs
per g soil) likely contributes to the greater metabolite production and
recycling (F = 13.0, R? = 0.24, p = 2.0E-3) (Biselli et al., 2020;
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Kastner et al., 2021). While little is known about the mechanisms dri-
ving metabolite persistence in soil and the relative importance of recy-
cling and mineral adsorption of small molecules (Sokolova, 2020;
Wilhelm et al., 2022), our results suggest that management of soil me-
tabolism may be a significant means of accumulating soil C, especially
in silty soils. Between 1.7 and 9.4 % of '3C inputs were retained in the
metabolite pool after a year of incubation, with no additional C inputs.
Assuming a gross rhizodeposition rate of 77 g C m? year™! for crop soils
(Pausch and Kuzyakov, 2018), the persistent metabolite pool could ac-
count for C accumulation in agricultural soils of 1.3 to 7.2 g C m?
year™!.

While polar lipids were not as enriched as metabolites, lipids consti-
tuted a greater proportion of 3C labeled microbial residues (14.7 %)
due to the size of the lipid pool (1201 *+ 325 pg C per g dry soil). This
pool reflects membrane phospholipids in addition to other lipid classes
including fatty acids, glycerolipids, and sphingolipids. On average, the
production of lipid C increased from 1015 * 242 pg C per g soil at two
months to 1387 + 292 pg C per g soil at one year (F = 118.0,
R? = 0.64, p = 3.39E-8). The enriched pool mirrored this response, al-
beit with a much smaller pool, increasing from 19.5 to 21.7 pg 3C lipid
per g soil (F = 15.7, R? = 0.25, p = 1.0E-3) which is suggestive of re-
tention of 13C in combination with dilution of the lipid pool with nat-
ural abundance C during biomass turnover. Soil microorganisms are
known to directly uptake and recycle free fatty acids as well as trans-
form or turnover their cellular intact polar lipids (Dippold and
Kuzyakov, 2016) which could retain '3C in the microbial lipid pool. Al-
ternatively, lipid carboxyl groups could facilitate persistence via ligand
exchange with hydroxyl groups of mineral metal oxides (Curti et al.,
2021; Liang et al., 2023). While we cannot discern the difference be-
tween recycling and stabilization, these results indicate that on an an-
nual basis, lipids can be a relatively stable pool retaining up to 8 % of
13C inputs after a year.

Extractable proteins were the smallest labeled SOM pool
(1.82 = 1.42 ug 13C excess in proteins per g soil). In contrast to other
biomolecular pools, a strong legacy effect of plant structure on micro-
bial dynamics was observed, with cropping system explaining 81 % of
the variation in the concentration of '3C labeled microbial proteins (ug
13C excess in protein per g soil; F = 141.0, R = 0.81, p = 5.05E-9).
After two months, corn treatments maintained an ~8.5 fold greater
concentration of microbial-derived protein compared to switchgrass
treatments. Overtime, the cycling of microbial-derived protein diverged
between the two cropping system soils. By one year, the 13C protein
concentration significantly decreased by 1.6 fold in corn soils
(F=18.2,R?> = 0.52, p = 3.0E-3) and increased by 3.1 fold in switch-
grass soils (F = 16.5, R? = 0.55, p = 3.0E-3). The accumulation of la-
beled proteins in corn treatments at two months cannot be explained
solely by an increase in biomass and could instead be an artifact of the
season of sampling; the rhizosphere microbiome of annual corn crops is
not supplied with root exudates year-round. An addition of glucose to
soils collected from corn plots in the early spring likely stimulated the
production of necessary enzymes, including extracellular enzymes such
as phosphatases and N-acetyl-B-glucosaminidases, to obtain P and N for
biomass growth (Dick and Kandeler, 2005). Because extracellular en-
zymes may remain active in soil for months (Nannipieri et al., 2018;
Olagoke et al., 2020), less initial investment in enzymatic resources
would be expected for switchgrass plots where continuous production
of these enzymes would be required. Instead, labeled proteins in the
switchgrass plots increase over the duration of the incubation, poten-
tially reflecting the replacement of this enzymatic pool by labeled bio-
mass.
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3.4. Biomass abundance is correlated with total accumulation of persistent
microbial-derived C

We observed an overall positive linear relationship between labeled
microbial biomass (ug '3C excess in biomass proxy PLFAs per g dry soil)
and bulk accumulation of 13C (ug '°C excess in bulk soil/g dry soil)
(R? = 0.46, p = 2.6E-3) (Fig. 4). Even with no difference in C use or
necromass recycling efficiency between treatments, greater biomass
abundance would entail greater production of microbial residues that
can be stabilized by organo-mineral interactions. Biomass PLFAs were
more isotopically enriched (wt% 13C excess; F = 51.2, R? = 0.7,
p = 4.8 E-6) in sandy soils and corn plots (wt% !3C excess; F = 8.7,
R? = 0.28, p = 1.0 E-2); but due to the small size of the biomass pool,
the total amount of assimilated excess 13C (ug 13C excess per g dry soil;
F = 13.0, R? = 0.42, p = 2.0E-3) in biomass PLFAs was significantly
lower (2.1-2.4 times lower) for sandy corn treatments (significant in-
teraction between soil texture and crop F = 5.17, R? = 0.11,
p = 4.0E-2; simple main effect of soil for corn F = 13.0, R? = 0.42,
p = 2.0E-3; simple main effect of crop for sandy soil F = 13.8,
R? = 0.43, p = 2.0E-3). These results suggest that while the addition
of glucose stimulated growth, there was limited priming-induced incor-
poration of native SOM in sandy corn treatments where both microbial
biomass and whole soil C were low. A greater total accumulation of 3C
biomass was observed in silty and switchgrass soils that supported >
2.7 times more microbial biomass. The higher abundance of labeled mi-
crobial biomass in switchgrass treatments concurs with previous obser-
vations that perennial grasses support greater microbial biomass, since
no-till systems do not disrupt fungal hyphae (Jesus et al., 2016; Liang et
al., 2012).

3.5. Relating microbiome properties to microbial residue persistence

C assimilation and turnover processes together define the role of mi-
croorganisms in soil C persistence. By two months, 2.7 times the
amount of 13C from added glucose (pg '3C excess per g dry soil) was de-
tected in marker PLFAs for bacteria compared to fungi (Fig. 5). This
trend remained visible after one year of incubation (2.8 times the
amount of 13C excess in bacterial vs fungal biomass) (Fig. 5). Greater
consumption and incorporation of labile C substrates by bacteria is con-
sistent with previous studies (Ali et al., 2020); although care must also
be taken in the interpretation of these results, as twelve marker PLFAs
were used to identify bacterial biomass compared to only three for
fungi. Still, these fifteen marker PLFAs accounted for on average 65 %
of the total PLFAs, confirming more '3C must be contained in the bacte-
rial biomass pool. The size of the bacterial *C biomass pool is likely
due to higher absolute abundances of bacteria (ug C in bacterial PLFAs/
g dry soil) in the soil microbial community and not necessarily a higher
degree of 13C incorporation into biomass, as fungal biomarkers were
more highly labeled (mean wt% '3C excess; t = —7.58, p.adj = 9.3E-
6). However, we are limited in our ability to assess initial assimilation
since substantial turnover of microbial biomass may have occurred by
two months of incubation. There was no significant decrease in the
amount of 3G retained in bacterial biomass (ug '3C per g dry soil) be-
tween two months and one year (F = 3.48, R? = 0.12, p = 8.2E-2),
suggesting efficient recycling of microbially-derived C during microbial
turnover.

Gram-negative bacterial marker PLFAs accounted for the greatest
fraction of excess '3C in microbial biomass phospholipids (36.7 %)
across soil textures and cropping systems (Fig. 5). Gram-negative bacte-
ria have been observed as early decomposers of root litter (Miiller et al.,
2017) and comprised >59 % relative abundance of the bacterial com-
munity at GLBRC Intensive Biofuel Cropping System experiments
(Kasanke et al., 2021). The amount of excess °C in gram-negative bac-
terial biomass (ug 3C excess gram-negative marker PLFAs per g soil)
significantly decreased between two months of incubation compared to
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Fig. 4. Positive linear relationship between labeled microbial biomass (ug *3C excess in biomass proxy PLFAs/g dry soil) and bulk accumulation of '3C.

one year (F = 9.14, R? = 0.27, p = 8.0E-3) (Fig. 5), despite no signifi-
cant decrease in marker PLFA C (F = 1.56, R> = 0.06, p = 2.3E-1).
These results suggest that gram-negative bacteria used more complex
native soil C to support anabolic growth after the first 2 months of incu-
bation. Gram-negative bacteria are often thought to be more dependent
on labile C (Fierer et al., 2007), however generalizing life history strate-
gies at higher taxonomic levels is difficult (Stone et al., 2023) and some
phyla such as Chloroflexi, which comprised >5 % of the bacterial com-
munity in GLBRC soils (Kasanke et al., 2021), have been associated
with deep, resource-limited soils (Brewer et al., 2019).

Gram-positive Firmicutes and Actinobacteria comprised smaller
fractions of biomass excess '3C (14.1 % and 4.3 %, respectively), how-
ever excess 1°C in neither biomarker significantly decreased with time
(Firmicutes: F = 2.67, R> = 0.09, p = 1.24E-1; Actinobacteria:
F = 0.14, R? = 0.005, p = 7.1E-1) (Fig. 5). Efficient recycling of la-
beled necromass could potentially retain !3C in the biomass pool, as
Actinobacteria possess necrophagy chitinase genes (Bai et al., 2016)
and have been shown experimentally to assimilate C from necromass
(Apostel et al., 2018; Buckeridge et al., 2020b). Alternatively, because
Firmicutes (Galperin, 2013) and Actinobacteria (Barka et al., 2015) are
both spore-forming phyla, enclosure of the lipid membrane during en-
dospore formation (Laue et al., 2018) could retain 13C in PLFAs leading
to slower turnover of C in these microbial pools. The peptidoglycan-rich
cell wall structure of gram-positive bacteria additionally could enhance
short-term retention of biomass via organic-organic interactions due to

its high N content (Buckeridge et al., 2020a). Despite the retention of
13C in gram-positive PLFAs over time, gram-negative PLFAs still ac-
counted for a larger fraction of added 3¢ (Fig. 5). Excess 13C in all bac-
terial groups demonstrated similar trends to bulk biomass with soil tex-
ture (Gram-negative: F = 13.5, R? = 0.24, p = 2.0E-3; Firmicutes:
F = 30.0, R> = 0.47, p = 9.11E-5; Actinobacteria: F = 18.9,
R?2 = 0.33, p = 5.0E-4) and cropping system (Gram-negative:
F = 21.5,R? = 0.33, p = 2.75E-4; Firmicutes: F = 6.63, R? = 0.17,
p = 2.1E-2; Actinobacteria: F = 6.2, R> = 0.14, p = 2.4E-2), support-
ing that even at the one year timescale, biomass abundance is a predic-
tor for the amount of stabilized microbial C.

The weight % '3C enrichment of fungal biomass was far greater than
bacterial biomass, with the most enriched biomarkers indicative of the
fungal phylum Zygomycota (18.2 wt% !3C). Zygomycota include
Mortierellaceae and Mucor species which use labile C of fresh plant litter
during the earliest stage of decomposition (de Boer et al., 2005; Poll et
al., 2010). Mortierellales comprised >16 % of the live fungal commu-
nity in GLRBC soils (Leichty et al., 2021). The enrichment of these bio-
markers is particularly intriguing due to the production of compounds
such as chitin and melanin by Mortierella which could contribute to per-
sistent necromass (Fernandez and Kennedy, 2018; Kasanke et al., 2021;
Li et al., 2018). As with bacterial biomarkers, Zygomycota-specific
PLFA !3C excess correlated with biomarker abundance. Soil texture was
only significant for the amount of excess '3C in Zygomycota-specific
PLFAs (ug '3C excess in Zygomycota-specific PLFAs per g soil) for corn
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Fig. 5. g '>C excess in diagnostic PLFAs for microbial groups per gram dry soil averaged across treatments at two months and one year.

cropping systems (F = 13.5, R> = 0.42, p = 4.0E-3), and crop was
only a significant effect for sandy loams (F = 13.6, R> = 0.43,
p = 4.0E-3) due to the low abundance of Zygomycota-specific PLFAs in
the sandy corn treatment. Excess 13C significantly decreased with time
(F = 11.7,R? = 0.28, p = 4.0E-3) with no significant decrease in total
biomarker C (F = 2.6, R> = 0.09, p = 1.3E-1), indicating turnover of
the Zygomycota C pool. It has been hypothesized that C storage in fun-
gal biomass is more persistent compared to bacterial biomass due to
lifespan differences with bacteria turning over up to four times faster
than fungi under field conditions (Miiller et al., 2017; Rousk and Béath,
2011). However, we found '3C to be less effectively retained in fungal
biomass over time compared to gram-positive bacterial biomass. Alter-
natively, efficient C use during growth could explain the weight % !3C
enrichment of Zygomycota biomass. Microbial communities dominated
by fungi have been reported to have a higher C use efficiency (Yang et
al., 2020), possibly due to lower N requirements as evidenced by the
higher C:N ratio of fungal biomass (Adingo et al., 2021).

4. Conclusions

Using quantitative isotopic analyses of microbial residue production
and persistence in soil, we demonstrate that the concept of microbial
necromass as a single or homogenous pool has greatly oversimplified
the contribution of microbial residues. Our study reveals the impor-

10

tance of diverse molecular classes contributing to microbial residue C,
including previously unrecognized small molecules. Microbial metabo-
lite contributions to C accumulation are a surprising discovery that has
broad-reaching implications for the breadth of microbial residues that
contribute to persistent soil C. Our results suggest that developing man-
agement practices to favor durable metabolites may be an important
means of accumulating SOC, especially in silty soils. This is because mi-
crobe-mineral interactions influence C accumulation and persistence,
as evidenced by greater accumulation of microbial-derived '3C in silty
compared to sandy soils. The light fraction CRUD is the single largest
pool of persistent microbial necromass, and the most sensitive to differ-
ences in soil texture. Although MAOM,,, was resistant to chemical liber-
ation, it proved to be susceptible to further microbial processing and
loss, unlike the CRUD, which continued to accrue C throughout the in-
cubation.

Microbial biomass abundance was a strong predictor for the total ac-
cumulation of persistent residues. Gram-negative bacteria accounted
for the greatest fraction of excess 'C in microbial biomass. Although,
PLFAs specific to Gram-positive Actinobacteria and Firmicutes were the
only biomarker groups that did not significantly decrease throughout
the incubation, indicating the potential role of cell wall morphology in
enhancing microbial C durability over longer timescales. Together
these results demonstrate that microbially-derived SOM is the accumu-
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lation of diverse metabolic and cellular residues that reflect the inti-
mate interactions between microbes and their soil habitat.
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