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ABSTRACT

Attachment Issues: Microbes, Minerals, and the Persistence of Soil Organic Matter

Md Shafiul Islam Rion

The remnants of microorganisms are now understood to account for the majority of
organic matter in many mineral soils. Despite the significance of this microbial necromass for
soil carbon storage, we know relatively little about how the traits of microorganisms interact
with soil minerals to determine the stability of microbe derived carbon in soil. Soil minerals
differ in their surface area and chemistry potentially influencing microbial attachment, biofilm
formation, and the persistence of microbial necromass. To address this knowledge gap, we grew
twelve bacterial species from four broad groups of varying cell wall morphology (Gram positive,
Gram negative, filamentous actinobacteria, and capsule-forming bacteria) in '*C-enriched
minimal media with soil minerals (sand, clay, goethite-coated sand, and goethite-coated clay).
The decomposition of heat-killed and dried necromass-mineral preparations was then traced in a
28-day soil microcosm experiment. Over the incubation period 20-80% of the necromass carbon
was respired depending upon both cell wall morphology and mineral chemistry. In general, the
necromass carbon from Gram-positive bacteria persisted longer than that of Gram-negative
bacteria. Goethite coating on clay tended to reduce decomposition, especially for Gram-positive
bacterial necromass (as only ~30% of the C was respired). This may be a consequence of anionic
teichoic acids in the cell wall of Gram-positive bacteria adhering to positively charged iron
oxides coating the clay mineral surface. Necromass decomposition was greatest for Gram-
negative bacteria grown in the presence of sand (50-80% of the necromass C was respired)
suggesting that these cells have difficulty forming stable attachments to sand surfaces. Taken
together this work suggests that interactions between the surface chemistry of microbial cells and
soil minerals may provide new insights into how microbes and minerals interact to influence soil
organic matter persistence.
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1 INTRODUCTION

Atmospheric CO; concentration is increasing by 0.88 ppm annually (IPCC, 2007) and
nearly one-third of this enhanced atmospheric CO; is coming from the soil organic carbon (SOC)
loss owing to shifts in land use (Lal, 2004). Most of the C (~ 80%) in earth’s terrestrial
ecosystems is in soil (Lal, 2007) and the soil C pool is 3.1 times larger than the atmospheric C
pool (Oelkers and Cole, 2008). As a result, C-exchange between this colossal reservoir and the
atmosphere is decisive for atmospheric-C composition and its impact on climate (Bellamy et al.,
2005; Mahecha et al., 2010). SOC is derived from various sources (e.g., dead plant parts, soil
inhabiting microbes) and is a vital component of soil. Soil microbes generally uptake C by

decomposing organic matter for their nutrition and respire C in the form of COx.

Scientific understanding of soil organic matter has undergone a remarkable paradigm
shift. Previously, the larger recalcitrant compounds from dead plant parts were considered as the
largest portion of soil organic matter. However, modern analysis techniques have revealed that
much of soil organic matter consists of relatively simple compounds that may be stabilized
through interactions with mineral surfaces (Cotrufo et al., 2013; Dungait et al., 2012; Schmidt et
al., 2011). Hence, soil organic carbon persistence is more of an ecosystem property than a

molecular property (Joseph et al., 2023; Schmidt et al., 2011; Wang et al., 2015).

Microbial necromass is composed of microbial dead cells, cell fragments, and
extracellular compounds. An estimated 15-80% of soil carbon is microbial necromass and this
necromass has a residence time similar to that of plant derived carbon (Angst et al., 2021; Liang
et al., 2019; Schmidt et al., 2011). Despite being the crucial part of stable soil carbon, very few
empirical studies have examined the decomposition of microbial necromass (Wang et al., 2020),
as such it remains unclear if and to what extent, microbial necromass varies in its stability in soil.
However, a pioneering study by Throckmorton et al. (2012) examined the decomposition of
Gram positive, Gram negative, and fungal biomass in tropical and temperate soils. The type of
microbial necromass had a limited impact on its stability in soil (Throckmorton et al., 2012).
While valuable, past experiments (e.g., Buckeridge et al., 2022; Creamer et al., 2019;

Throckmorton et al., 2012; Wang et al., 2020) have prepared necromass for decomposition



experiments from biomass generated in pure culture under conditions that fails to mimic
necromass formation in soil. In soil, microbes grow on mineral surfaces and in biofilms (Jones
and Bennett, 2017, 2014) and their necromass stays among mineral particles. Therefore, growing
the microbes in liquid media without any attachments with minerals during their growth period
does not represent natural microbial biomass and necromass generation. As such, studying the
decomposition of microbial necromass, generated in the absence of minerals, may fail to capture

important mechanisms of necromass stabilization in soil.

Interactions between microbial necromass and the surface chemistry of soil minerals are
likely to influence necromass persistence (Dong et al., 2022; Dong and Lu, 2012; Moore et al.,
2017; Shi et al., 2016). For example, bacteria and mineral surface interactions are critical factors
for explaining soil organic carbon processes and persistence (Finley et al., 2022). Bacteria cells
possess various types of extracellular structures (e.g., flagella, fimbriae, glycocalyx) and
substances (e.g., polysaccharides, nucleic acids) that aid in the attachment to and colonization of
surfaces (Lennon and Lehmkuhl, 2016; Van Houdt and Michiels, 2005). These organic
extensions of bacterial cells are chemically variable and differences in their charge, polarity, and
hydrophobicity likely determine how strongly they adhere to mineral surfaces in soil. Minerals
are likewise highly variable with respect to their surface chemistry (e.g., surface charge, surface
area, etc.). For instance, consider kaolinite clay and quartz sand, kaolinite has higher surface area
and ion exchange capacity (cation exchange capacity, CEC ~ 3.3-15 meq/100g), whereas quartz
has lower surface area and ion exchange capacity (CEC < 0.5 meq/100g). These distinct
properties of minerals likely affect interaction of the minerals with microbial surfaces to
determine how microbes attach to and grow on these surfaces ultimately impacting the

persistence of microbial necromass C.

Mineralogy is well understood to influence the concentration and stability of organic
carbon in soil. Soil type determines the storage of organic carbon - clay soil stores more organic
carbon compared to sandy soil (Ahn et al., 2009; Shan et al., 2001; Yost and Hartemink, 2019).
Organic matter in clay-rich soil is often physically protected by adsorption to clay particles and
occlusion within aggregates. In contrast, soil microbes can easily access organic matter in sandy
soils, fostering high decomposition rates and resulting in low soil organic carbon content.

Further, certain mineral combinations, like low aluminous clay with high Fe-oxides are



particularly effective at stabilizing soil organic carbon (Kirsten et al., 2021). As soil weathers,
iron oxides are formed, and can coat clay minerals like kaolinite and enhance the stabilization of
soil organic matter by providing positive charges that interact with negatively charged groups of

soil organic matter (Kirsten et al., 2021).

Bacteria are broadly classified as Gram positive or Gram negative depending on their cell
wall morphology. Beside the thickness of the peptidoglycan layer, Gram positive and Gram
negative bacteria differ in the molecular composition of their extracellular polymeric substances.
Gram positive bacteria cells contain teichoic acids composed of glycerol phosphate units that are
anionic in nature (Brock et al., 2003). In contrast, Gram negative bacteria cell walls contain
lipopolysaccharides, which hold high negative charge (Beveridge, 1999; Wilhelm et al., 2021).
Beyond these differences, some bacterial lineages have evolved distinct cellular surface
chemistries that may alter their interactions with and attachments to soil mineral surfaces. For
instance, Mycobacteria have unique cellular envelopes comprised of highly hydrophobic, long
chain fatty acids (mycolic acids). Other bacteria, such as Escherichia coli and Pseudomonas
aeruginosa have extra polysaccharide layers termed capsules outside their cell walls (Franklin et
al., 2011; Rybtke et al., 2020; Sande and Whitfield, 2021; Whitfield et al., 2020). In addition to
cell surface chemistry, cell morphology may alter bacterial interactions with and attachments to
soil mineral surfaces. For instance, filamentous Actinobacteria exhibit an uncommon cell
morphology for bacteria as they produce hyphae and mycelium (Amin et al., 2020; Barka et al.,
2015; van der Meij et al., 2017). These mycelia might intermingle within mineral particles while
growing and their necromass remains protected inside those particles. However, we are lacking
sufficient insights of bacterial cell morphology interaction with soil minerals in terms of

necromass persistence in soil.

The objective of this study was to decipher how bacterial cell morphology interacts with
soil minerals to influence microbial necromass decomposition. We simulated necromass
formation in soil by growing a diverse selection of bacteria (including Gram positive, Gram
negative, capsule forming bacteria, and filamentous Actinobacteria) in media with commonly
found soil minerals (kaolinite clay, quartz sand, goethite-coated kaolinite clay, and goethite-
coated quartz sand). As anionic teichoic acids might aid in bacterial attachment and exposed

cations on mineral surfaces our first hypothesis was that carbon from Gram positive bacteria
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necromass would decompose more slowly than that of Gram negative bacteria necromass. Given
that goethite (FeO,H) increases the surface charge of minerals and could enhance the absorption
of negatively charged necromass, we further hypothesized that goethite-coated minerals would
have reduced necromass decomposition. To address these hypotheses, we measured the
decomposition of necromass from 12 bacterial species grown in the presence of 4 common soil

minerals.

2 MATERIALS AND METHODS

2.1 Experimental design

To address our objective and hypotheses, we conducted a microcosm experiment to
determine the impact of microbial cell wall morphology and soil mineralogy on soil organic
carbon sequestration. Specifically we assessed the decomposition of microbial necromass from
twelve bacteria species to encompassing four broad classifications: (a) Gram negative bacteria
(e.g., Chryseobacterium gleum, Serratia marcescens, and Proteus vulgaris), (b) Gram positive
bacteria (e.g., Arthrobacter oryzae, Corynebacterium glutamicum, and Micrococcus luteus), (c)
capsule forming bacteria (e.g., Escherichia coli, Pseudomonas aeruginosa, and Mycobacterium
smegmatis), and (d) filamentous Actinobacteria (e.g., Streptomyces africanus, Actinomadura
libanotica, and Cellulomonas humilata). These bacteria were grown in the presence of four
common soil minerals (e.g., kaolinite-clay, quartz-sand, goethite coated clay, and goethite coated
sand) with 13C enriched minimal media. These microbial necromass-mineral preparations were
then added to soil and the decomposition of necromass carbon was monitored via the evolution
of 13COz in a laboratory microcosm experiment. There were a total of 64 different bacteria-
mineral treatments and a control treatment (without any introduced bacteria and mineral) with 4

replicates per treatment.
2.2 Bacteria culture with minerals

Fine quartz sand (from Wards Science, Rochester, NY) was ground in a mixer mill and
wet sieved (20 um) to get uniform particle size comparable to that of fine clay (2 um).
Subsamples of fine sand and kaolinite clay (Kga-2; Source Clays Repository, Purdue University,

West Lafayette, Indiana) were coated with goethite (FeO,H) following the procedure mentioned
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in Scheidegger et al. (1993). Briefly, goethite (0.3 g/L) was suspended in dilute HNO3 (pH 2.5)
and shaken in a rotary shaker (25°C, 120 rpm) for 24 hours. The pH of the goethite mixture was
then adjusted to 7.9 (i.e., coating is strongest when pH is between 7 and 8) prior to suspending
clay or sand (1.8 g/mL) in it. Then the mixture was agitated for an additional 24 hours prior to
centrifugation and drying the coated minerals at 60°C for 2 days. Each bacterial species was
inoculated from pure culture into 0.05 excess atom fraction '*C-glucose supplemented M9-
minimal liquid media prepared with each of the minerals (1 g/100 mL of media) in sterile serum
vials. The vials were then sealed and placed in a shaking incubator on their side at 25°C and 100
rpm for 7 days to permit microbial growth. With 12 bacterial species and 4 minerals this resulted

in a total of 48 cultures.
2.3 Necromass preparation and incubation

After 7 days cultures were submerged in a preheated (80°C) hot water bath for 40
minutes to kill the live bacteria cells to generate necromass. The heat-killed cultures were
permitted to cool at room temperature (25°C) before centrifuging at 2500 rpm for 15 minutes.
Then the supernatant was decanted, the necromass-mineral preparations were dried at 70°C, and
then ground with a sterilized spatula. Subsamples of necromass-mineral preparations (~30 mg)
were analyzed on a Carlo Erba NC2500 elemental analyzer interfaced with a Thermo Delta V+
isotope ratio mass spectrometer (IRMS) for determination of the §!°C and %C at the Central

Appalachian Stable Isotope Facility (Frostburg, Maryland).
2.4 Mineral aggregation test

Settling rates of the necromass-mineral preparations were determined using the
spectroscopy technique described in Lenter et al. (2002) to assess the formation of microbe-
mineral aggregates during microbial growth. In brief, prior to drying each heat killed necromass-
mineral was shaken to a uniform suspension and 3 mL of solution was collected. Then a 500 L.
aliquot was combined with 2.5 mL of DI water in a cuvette. The change in absorption at 600 nm
was measured at 5 minute intervals for 1 hr. Before each round data of recording, the

spectrophotometer was zeroed using sterilized DI water.



2.5 Decomposition microcosm experiment

For the mesocosm study, soil (0-10 cm) was collected from four randomly established
Ix1 m plots within a 4 acre pasture at WVU JW Ruby Research Farm, Reedsville, West
Virginia. The soil samples were maintained as distinct field replicates and subsamples from each
plot received each treatment. This soil was selected because its near neutral pH (6.45-6.84)
should minimize the chelation of the Fe-oxides present in goethite coated minerals. After
collection the soil was immediately transported to the laboratory in Morgantown, West Virginia.
Soil pH and water holding capacity (WHC) were measured as described in Dane and Topp
(2020). Field moist soils were sieved (2mm-mesh) and 10 g subsamples were added to Mason
jars (350 ml) with septa inserted in the lid. Then each microcosm received 150 mg of dried,
ground necromass-mineral preparation and was mixed with a sanitized spatula. Mesocosms were
incubated for 28 days in the dark and soil moisture was maintained at 60% WHC. The controls

did not receive any substrate (here, necromass-mineral preparations).
2.6 Microbial respiration measurement

Decomposition of added necromass in each microcosm was measured via analysis of
headspace CO» concentration and delta *CO; similar to Kane et al. (2023). Head space gas
samples were collected 0, 2, 7, 14, 21, and 28 days after necromass addition and analyzed on a
LI-COR 6400XT (for total CO> concentration) and Picarro isotope analysis system (for delta
13CO») sensu Kane et al. (2023). After headspace analysis, mesocosm lids were removed for 10
minutes to refresh the headspace. The atom percent of *C in the jar headspace was used to
calculate the total amount of substrate C (carbon from added necromass-mineral preparation)
respiration from per g dry soil. Then cumulative amount of C respired from the substrate over the
28 days period was determined by the sum of individual respiration measured on different
sampling days over the 28-days incubation period as described in Morrissey et al. (2017) and the

percent respiration from the initial amount of substrate C added was calculated.
2.7 Data analyses

All the statistical analyses were performed in RStudio (RStudio Team, 2022) running R
4.1.2 (R Core Team, 2020) using the — stats (R Core Team, 2021) and /me4 (Bates et al., 2015)



packages. Two-way nested model analysis of variance (ANOVA) was performed to find the
effects of soil minerals and bacterial morphology on the percent of substrate C respiration from
the added substrate, and bacterial species identity was nested within bacterial morphology (o =
0.05). The microbial respiration data, combining both the soil minerals treatment and bacterial
morphology treatments, were visualized in an heatmap with hierarchical cluster analysis,
constructed using the - pheatmap (Kolde, 2012) and heatmaply (Galili et al., 2018) packages. All
other graphs were prepared using the ggplot2 (Wickham, 2016) package.

3 RESULTS

3.1 Respiration from different necromass-associated minerals

Mineral composition, bacterial morphology, as well as the interaction between these
factors, influenced the decomposition of microbial necromass (Table 1, Figure 1) and together
could explain ~36% of the variation in necromass decomposition. Necromass derived from
individual bacterial species differed in their decomposition patterns as species identity explained
an additional 38% of the variation in necromass decomposition. Bacterial necromass
decomposition was lowest when prepared with FeOx-coated clay for all bacteria except Proteus
vulgaris and Streptomyces africanus. Gram negative bacterial necromass decomposed most
readily in the presence of sand, while Gram positive bacterial necromass decomposition was
greatest in the presence of FeOx-coated sand. There were no consistent effects of mineral
composition on the decomposition of capsule forming bacteria or filamentous Actinobacteria.
For instance, necromass of the capsule forming bacterium Escherichia coli lost highest percent
of C from FeOx-coated clay, whereas another capsule forming species, Mycobacterium

smegmatis, lost the maximum amount of necromass C from FeOx-coated sand.
3.2 Effect of FeOx-coating on minerals

The presence of FeOx on sand or clay altered decomposition of necromass for roughly
half of the bacterial species (Figure 2). The addition of FeOx to clay surfaces reduced the
necromass decomposition for five of the seven Gram positive bacteria by ~ 39.75% on average.
In contrast, FeOx had the opposite effect on Gram positive necromass decomposition when

added to sand. In general, Gram positive necromass decomposition rates were higher for FeOx-
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coated sand than uncoated sand. However, Streptomyces africanus necromass C decomposition

was not influenced by FeOx mineral coating.

Despite choosing twelve bacteria species with four different types of cell morphology, all
the bacteria can be classified in two broad groups: either Gram positive or Gram negative.
Distinct trends were observed in the decomposition of Gram negative bacteria necromass.
Specifically, necromass C mineralization was reduced with FeOx addition to both clay and sand
for all Gram negative bacteria except Proteus vulgaris. This FeOx-coating of minerals reduced
the average respiration of Gram negative necromass C from clay and sand by 11.51% and
30.51%, respectively. Overall, the effect of FeOx-coating on necromass decomposition differed

between Gram positive and Gram negative bacteria.

3.3 Trend of necromass C respiration across the species

The capsule forming bacteria we studied included both Gram positive (e.g.,
Mycobacterium smegmatis) and Gram negative (e.g., Escherichia coli and Pseudomonas
aeruginosa) species, while the filamentous bacteria were all Gram positive. In general, Gram
positive and Gram negative bacteria necromass followed a common pattern of decomposition
across the four minerals. Accordingly, the hierarchical cluster analysis mostly grouped Gram
positive and Gram negative bacteria together (Figure 3). Gram positive bacterial necromass C
exhibited low decomposition in FeOx-coated clay relative to the other three minerals. Gram
negative bacterial necromass C had the greatest decomposition with sand and the least
decomposition when grown with FeOx-coated clay. In the presence of sand, the decomposition
of Gram negative necromass C was negatively correlated with (adjusted R? = 0.72; p-value =

0.04) the sedimentation rate of the necromass-mineral preparation (Figure 4).



4 DISCUSSION

To determine if and how interactions between bacterial cell wall morphology and soil
minerals influence necromass decomposition we examined the decomposition of necromass from
morphologically distinct bacterial species growth in the presence of minerals with differing
surface chemistry. We found that both Gram positive and Gram negative bacteria necromass C
decomposes the least when grown with FeOx-coated clay. However, FeOx-coating on sand
decreases the decomposition of Gram negative necromass but increases the decomposition of
Gram positive necromass, demonstrating interactions between bacterial morphology and soil

mineralogy that may influence soil organic matter accumulation.
4.1 Bacteria necromass attachment in minerals

Many Gram positive bacteria have anionic teichoic acids embedded in their cell wall
(Brock et al., 2003). Kaolinite crystals are negatively charged due to the isomorphous
substitution of AI** for Si*" and broken bonds of Si-O-Si and Al-O-Al in the crystal structure.
These broken bonds and isomorphous substitutions form hydroxyl ions and oxygen atoms with a
net negative charge (Moore and Reynolds Jr., 1997; Zhu et al., 2016). Therefore, when exposed
to FeOx the positively charged Fe-ions attach to negatively charged kaolinite. Positively charged
Fe on the kaolinite might interact with the anionic phosphate groups of teichoic acids facilitating
the adsorption of Gram positive necromass to the mineral surface and protecting it from
decomposition. This could explain the reduced decomposition we observed for Gram positive

bacterial necromass in the presence of FeOx-coated clay.

Though Gram negative bacteria lack teichoic acids, and they possess negatively charged
lipopolysaccharides on the cell surface. These negative charges could associate with Fe-ions
from goethite and enhance the attachment of bacteria cells to FeOx-coated minerals decreasing
the decomposition of bacterial necromass. Indeed, di- or trivalent cations have been shown to
enhance the adsorption of negatively charged extracellular polysaccharides (EPS) to negatively
charged clay minerals (Santoro and Stotzky, 1967). Our results support this possibility as FeOx-

coating on clay reduced necromass decomposition for some Gram negative bacteria (Figure 2).



Overall, the decomposition of necromass C was higher for sand and FeOx-coated sand
than for clay or FeOx-coated clay (Figure 4). The FeOx-coated sand provided the least protection
to Gram positive necromass C, hence made them readily available to the decomposers. Kaolinite
has comparatively higher surface area than quartz, which might enhance reactive surface area
and permits the adsorption of more positive ions followed by more bacteria cells. Several studies
reported that large surface area and net negative charge stimulates bacteria growth on clay
minerals, which facilitates surface adhesion (Cuadros, 2017; Mueller, 2015). Additionally, the
CEC of minerals can affect the adsorption of organic matter (Satterberg et al., 2003) and some
studies have reported the superiority of kaolinite in organic matter adsorption over other minerals
like smectite (Feng et al., 2005; Zhou et al., 1994). Quartz has a lower CEC than kaolinite. As
such, the greater CEC of kaolinite may have facilitated bacterial attachment and adsorption of

the resultant necromass, reducing necromass decomposition.

4.2 FeOx-coating affected necromass C decomposition

The FeOx-coating altered substrate C respiration from coated minerals relative to their
uncoated parent mineral (Figure 2). Saidy et al. (2013) reported that goethite coating enhanced
dissolved organic carbon sorption capacity of kaolinite. Chen et al. (2009) also found that
degradation of adsorbed carbaryl was the lowest in goethite, followed by kaolinite and
montmorillonite. In addition to influencing organic matter adsorption, FeOx may also have an
impact on bacterial attachment and colonization. For instance, Fe content has been found to
facilitate bacterial colonization, biomass formation, and the composition of bacterial
communities (Gleeson et al., 2006; Phillips-Lander et al., 2014). Ten of the twelve bacteria
species had lower necromass C decomposition when clay was coated with FeOx (Figure 2). This
decrease in decomposition suggests FeOx on the clay surface allowed bacterial cells to attach

more readily during their growth in the minimal media.

For sand, FeOx-coating reduced the necromass decomposition for most Gram negative
bacteria but increased the decomposition of Gram positive bacterial necromass (Figure 2). As
quartz has a low surface charge, FeOx complexes may not have attached to the surface of the

sand particles. If the FeOx remained suspended in the media during bacterial growth this may
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have reduced the ability of Gram positive bacteria to attach to and grow on the sand, thus

reducing mineral protection of the resulting microbial necromass.

Other mechanism, like microbe-mineral aggregate formation may have influenced
necromass decomposition. The Gram negative bacteria necromass decomposition in the presence
of sand was correlated with the sedimentation rate of the necromass mineral preparation (Figure
4). As smaller particles settle more slowly (Gee and Or, 2002; Loveland and Whalley, 2000;
Merkus, 2009), the accelerated sedimentation rates of some necromass mineral preparations
likely reflect the formation of microbe-mineral aggregates with greater particle sizes (Dong et
al., 2022; Liu et al., 2021; Sparks, 2012). Aggregation may cause some bacterial necromass to
become trapped inside clusters of sand particles. While the dried necromass-mineral preparations
were lightly ground we did not ensure a uniform particle size in the necromass-mineral powder.
Consequently, the negative relationship between sedimentation rate and decomposition we
observed for Gram negative bacteria in the presence of sand (Figure 4) suggests aggregate
formation by bacteria may have resulted in the occlusion of microbial necromass, reducing rates

of decomposition.

4.3 Defying the trend, Mycobacterium and Streptomyces

Clustering of Gram positive Mycobacterium smegmatis and Streptomyces africanus with
Gram negative bacteria (Figure 3) was also observed. The cell wall morphology of these two
Gram positive bacteria is inconsistent with the typical Gram positive bacteria. Despite being
Gram positive, the decomposition of necromass from Mycobacterium smegmatis was similar to
that of Gram negative bacteria necromass across all four minerals (Figure 3). This might have
occurred because of Mycobacterium smegmatis’s atypical cell wall structure. Despite being a
Gram positive bacterium, Mycobacterium smegmatis possesses a thin peptidoglycan layer and
has an extensive outer membrane of long, branched fatty acids named mycolic acids (Singh et
al., 2016). These two cell wall properties likely make the necromass derived from
Mycobacterium smegmatis distinct from that of typical Gram positive bacteria and perhaps more

similar to that of Gram negative bacteria.
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Another discrepancy was observed in case of Streptomyces africanus. This species did
not show any impact of FeOx-coating and decomposed more rapidly on sand than on clay. The
mycelium produced by this filamentous Actinobacteria, might have played the pivotal role for
such necromass decomposition pattern. Streptomycetes species form vegetative hyphae in liquid-
rich environments to attach to different surfaces like soil particles, organic debris (Petrackova et
al., 2013). Additionally, vegetative hyphae of streptomycetes generally have hydrophilic cell
surfaces while the aerial hyphae are mostly hydrophobic (Del Sol et al., 2007; Elliot et al., 2003)

making them distinct from most Gram positive bacteria.

Streptomyces with smooth vegetative hyphae can attach to silica surfaces using
extracellular matrix secretion (Del Sol et al., 2007). These unique characteristics of Streptomyces

may enable these bacteria to firmly attach to mineral surfaces even in the absence of FeOx.

4.4  Future directions

Future work leveraging scanning electron microscopy could provide crucial insights into
how the microbial necromass is attached to mineral surfaces. Additionally investigating more
bacteria representative of a wide range of cellular morphologies could enhance our
understanding of microbial necromass persistence period in soil. In addition, the changes in soil
microbial community upon introduction of any specific group of bacteria necromass might prove
helpful in soil-microbe interaction research. Besides, exploring more soil minerals with known
bacterial necromass can help identify the contribution of any specific group of bacteria that is

essential to restore soil carbon in any soil.

S CONCLUSION

In contrast to prior works (e.g., Buckeridge et al., 2022; Creamer et al., 2019; Wang et
al., 2020), this study simulated necromass formation more accurately, by growing the bacteria in
the liquid culture with minerals and then heat killing. Our results demonstrate that mineral
composition greatly influences necromass decomposition. Notably FeOx-coating has enhanced
necromass binding capability in kaolinite for most Gram positive and Gram negative bacteria;
however, FeOx-coating of sand enhanced the decomposition of Gram positive necromass C. In

contrast, Gram positive necromass C was more persistent than Gram negative necromass C when
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generated with clay, sand, and FeOx-coated clay. As such our results demonstrate that
necromass mineral attachment for organic carbon stabilization is not only mineral specific, but
also bacterial cell wall morphology specific. These results suggest that microbial biodiversity,
and resulting variation in cell morphology can interact with soil mineralogy to determine soil
carbon persistence. With further study, microbe-mineral interactions may enhance our ability to

model and manage necromass carbon in soils.
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6 FIGURES
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Figure 1. Decomposition of microbial necromass C substrate of four bacteria
species including the Gram negative Cryseobacterium gleum (A) and Serratia
marcescens (C); and Gram positive — Arthrobacter oryzae (B) and Micrococcus
luteus (D) prepared with kaolinite-clay, FeOx-coated kaolinite clay, quartz sand,
and FeOx-coated quartz sand. All the data points represent the cumulative percent C

respiration (mean+SE) from the added necromass.
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Figure 2. Change in necromass C respired with FeOx-coating on kaolinite clay and

quartz sand after 28 days of decomposition. All the data points represent the percent

change in the cumulative necromass C respiration (mean+SE). Color indicates the

morphological group (Gram negative bacteria, capsule forming bacteria, Gram

positive bacteria, and filamentous Actinobacteria) while shape identifies species as

Gram positive or Gram negative.
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a microcosm experiment with 12 bacteria species (in right Y-axis) grown with 4
minerals (in X-axis). Bacteria species are clustered according to their necromass C

decomposition across the minerals.
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7 TABLES

Table 1. The influence of mineral type, cell morphology, and species identity on the
percent of necromass C respired as determined by two-way Nested ANOV A model.

*#% represents p value <0.001.

Factor F-value % Explained
Mineral 40.35%** 21.00
Morphology 24 20% % 12.65
Mineral x Morphology 9.71%%* 15.17
Mineral x Morphology 4.774%** 26.34
:Bacterial Species

18



8 REFERENCES

Ahn, M.-Y., Zimmerman, A.R., Comerford, N.B., Sickman, J.O., Grunwald, S., 2009. Carbon
Mineralization and Labile Organic Carbon Pools in the Sandy Soils of a North Florida
Watershed. Ecosystems 12, 672—685. https://doi.org/10.1007/s10021-009-9250-8

Amin, D.H., Abdallah, N.A., Abolmaaty, A., Tolba, S., Wellington, E.M.H., 2020.
Microbiological and molecular insights on rare Actinobacteria harboring bioactive
prospective. Bulletin of the National Research Centre 44, 5.
https://doi.org/10.1186/542269-019-0266-8

Angst, G., Mueller, K.E., Nierop, K.G.J., Simpson, M.J., 2021. Plant- or microbial-derived? A
review on the molecular composition of stabilized soil organic matter. Soil Biology and
Biochemistry 156, 108189. https://doi.org/10.1016/j.s0i1bi0.2021.108189

Barka, E.A., Vatsa, P., Sanchez, L., Gaveau-Vaillant, N., Jacquard, C., Klenk, H.-P., Clément,
C., Ouhdouch, Y., van Wezel, G.P., 2015. Taxonomy, Physiology, and Natural Products
of Actinobacteria. Microbiology and Molecular Biology Reviews 80, 1-43.
https://doi.org/10.1128/mmbr.00019-15

Bates, D., Méchler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
Usinglme4. Journal of Statistical Software 67. https://doi.org/10.18637/jss.v067.i101

Bellamy, P.H., Loveland, P.J., Bradley, R.1., Lark, R.M., Kirk, G.J.D., 2005. Carbon losses from
all soils across England and Wales 1978-2003. Nature 437, 245-248.
https://doi.org/10.1038/nature04038

Beveridge, T.J., 1999. Structures of Gram-Negative Cell Walls and Their Derived Membrane
Vesicles. Journal of Bacteriology 181, 4725-4733.
https://doi.org/10.1128/jb.181.16.4725-4733.1999

Brock, T.D., Madigan, M.T., Martinko, J.M., Parker, J., 2003. Microbial Cell Structure and
Function, in: Brock Biology of Microorganisms. Prentice-Hall, Upper Saddle River (NJ):
Prentice-Hall.

Buckeridge, K.M., Creamer, C., Whitaker, J., 2022. Deconstructing the microbial necromass
continuum to inform soil carbon sequestration. Functional Ecology 36, 1396-1410.

https://doi.org/10.1111/1365-2435.14014

19



Chen, H., He, X., Rong, X., Chen, W., Cai, P., Liang, W., Li, S., Huang, Q., 2009. Adsorption
and biodegradation of carbaryl on montmorillonite, kaolinite and goethite. Applied Clay
Science 46, 102—108. https://doi.org/10.1016/j.clay.2009.07.006

Cotrufo, M.F., Wallenstein, M.D., Boot, C.M., Denef, K., Paul, E., 2013. The Microbial
Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition
with soil organic matter stabilization: do labile plant inputs form stable soil organic
matter? Global Change Biology 19, 988—995. https://doi.org/10.1111/gcb.12113

Creamer, C.A., Foster, A.L., Lawrence, C., McFarland, J., Schulz, M., Waldrop, M.P., 2019.
Mineralogy dictates the initial mechanism of microbial necromass association.
Geochimica et Cosmochimica Acta 260, 161-176.
https://doi.org/10.1016/j.gca.2019.06.028

Cuadros, J., 2017. Clay minerals interaction with microorganisms: a review. Clay Minerals 52,
235-261. https://doi.org/10.1180/claymin.2017.052.2.05

Dane, J.H., Topp, C.G., 2020. Methods of Soil Analysis, Part 4: Physical Methods. John Wiley
& Sons.

Del Sol, R., Armstrong, 1., Wright, C., Dyson, P., 2007. Characterization of Changes to the Cell
Surface during the Life Cycle of Streptomyces coelicolor: Atomic Force Microscopy of
Living Cells. Journal of Bacteriology 189, 2219-2225. https://doi.org/10.1128/jb.01470-
06

Dong, H., Huang, L., Zhao, L., Zeng, Q., Liu, X., Sheng, Y., Shi, L., Wu, G, Jiang, H., Li, F.,
Zhang, L., Guo, D., Li, G., Hou, W., Chen, H., 2022. A critical review of mineral—
microbe interaction and co-evolution: mechanisms and applications. National Science
Review 9, nwac128. https://doi.org/10.1093/nsr/nwac128

Dong, H., Lu, A., 2012. Mineral-Microbe Interactions and Implications for Remediation.
Elements 8, 95-100. https://doi.org/10.2113/gselements.8.2.95

Dungait, J.A.J., Hopkins, D.W., Gregory, A.S., Whitmore, A.P., 2012. Soil organic matter
turnover is governed by accessibility not recalcitrance. Global Change Biology 18, 1781—
1796. https://doi.org/10.1111/j.1365-2486.2012.02665.x

Elliot, M. A., Karoonuthaisiri, N., Huang, J., Bibb, M.J., Cohen, S.N., Kao, C.M., Buttner, M.J.,

2003. The chaplins: a family of hydrophobic cell-surface proteins involved in aerial

20



mycelium formation in Streptomyces coelicolor. Genes Dev. 17, 1727-1740.
https://doi.org/10.1101/gad.264403

Feng, X., Simpson, A.J., Simpson, M.J., 2005. Chemical and mineralogical controls on humic
acid sorption to clay mineral surfaces. Organic Geochemistry 36, 1553—1566.
https://doi.org/10.1016/j.orggeochem.2005.06.008

Finley, B.K., Mau, R.L., Hayer, M., Stone, B.W., Morrissey, E.M., Koch, B.J., Rasmussen, C.,
Dijkstra, P., Schwartz, E., Hungate, B.A., 2022. Soil minerals affect taxon-specific
bacterial growth. ISME J 16, 1318—1326. https://doi.org/10.1038/s41396-021-01162-y

Franklin, M., Nivens, D., Weadge, J., Howell, P., 2011. Biosynthesis of the Pseudomonas
aeruginosa Extracellular Polysaccharides, Alginate, Pel, and Psl. Frontiers in
Microbiology 2.

Galili, T., O’Callaghan, A., Sidi, J., Sievert, C., 2018. heatmaply: an R package for creating
interactive cluster heatmaps for online publishing. Bioinformatics 34, 1600—-1602.
https://doi.org/10.1093/bioinformatics/btx657

Gee, G.W., Or, D., 2002. 2.4 Particle-Size Analysis, in: Methods of Soil Analysis. John Wiley &
Sons, Ltd, pp. 255-293. https://doi.org/10.2136/sssabookser5.4.c12

Gleeson, D.B., Kennedy, N.M., Clipson, N., Melville, K., Gadd, G.M., McDermott, F.P., 2006.
Characterization of Bacterial Community Structure on a Weathered Pegmatitic Granite.
Microb Ecol 51, 526-534. https://doi.org/10.1007/s00248-006-9052-x

IPCC, 2007. Climate Change 2007: The Physical Science Basis. Cambridge University Press,
Cambridge, UK.

Jones, A.A., Bennett, P.C., 2017. Mineral Ecology: Surface Specific Colonization and
Geochemical Drivers of Biofilm Accumulation, Composition, and Phylogeny. Frontiers
in Microbiology 8.

Jones, A.A., Bennett, P.C., 2014. Mineral Microniches Control the Diversity of Subsurface
Microbial Populations. Geomicrobiology Journal 31, 246-261.
https://doi.org/10.1080/01490451.2013.809174

Joseph, A.M., Bhattacharyya, R., Biswas, D.R., Das, T.K., Bandyopadhyay, K.K., Dey, A.,
Ghosh, A., Roy, P., Naresh Kumar, S., Jat, S.L., Casini, R., Elansary, H.O., Bhatia, A.,

2023. Long-term adoption of bed planted conservation agriculture based maize/cotton-

21



wheat system enhances soil organic carbon stabilization within aggregates in the indo-
gangetic plains. Frontiers in Environmental Science 11.

Kane, J.L., Schartiger, R.G., Daniels, N.K., Freedman, Z.B., McDonald, L.M., Skousen, J.G.,
Morrissey, E.M., 2023. Bioenergy crop Miscanthus x giganteus acts as an ecosystem
engineer to increase bacterial diversity and soil organic matter on marginal land. Soil
Biology and Biochemistry 186, 109178. https://doi.org/10.1016/j.s011b10.2023.109178

Kirsten, M., Mikutta, R., Vogel, C., Thompson, A., Mueller, C.W., Kimaro, D.N., Bergsma,
H.L.T., Feger, K.-H., Kalbitz, K., 2021. Iron oxides and aluminous clays selectively
control soil carbon storage and stability in the humid tropics. Sci Rep 11, 5076.
https://doi.org/10.1038/s41598-021-84777-7

Kolde, R., 2012. Pheatmap: pretty heatmaps. R package version 1, 726.

Lal, R., 2007. Carbon sequestration. Philosophical Transactions of the Royal Society B:
Biological Sciences 363, 815-830. https://doi.org/10.1098/rstb.2007.2185

Lal, R., 2004. Soil Carbon Sequestration Impacts on Global Climate Change and Food Security.
Science 304, 1623—-1627. https://doi.org/10.1126/science.1097396

Lennon, J.T., Lehmkuhl, B.K., 2016. A trait-based approach to bacterial biofilms in soil.
Environmental Microbiology 18, 2732-2742. https://doi.org/10.1111/1462-2920.13331

Lenter, C.M., McDonald, Jr., Louis M., Skousen, J.G., Ziemkiewicz, P.F., 2002. The Effects of
Sulfate on the Physical and Chemical Properties of Actively Treated Acid Mine Drainage
Floc. Mine Water and the Environment 21, 114—120.
https://doi.org/10.1007/s102300200032

Liang, C., Amelung, W., Lehmann, J., Késtner, M., 2019. Quantitative assessment of microbial
necromass contribution to soil organic matter. Global Change Biology 25, 3578-3590.
https://doi.org/10.1111/gcb.14781

Liu, H., Yuan, P., Liu, D., Zhang, W, Tian, Q., Bu, H., Wei, Y., Xia, J., Wang, Y., Zhou, J.,
2021. Insight into cyanobacterial preservation in shallow marine environments from
experimental simulation of cyanobacteria-clay co-aggregation. Chemical Geology 577,
120285. https://doi.org/10.1016/j.chemgeo.2021.120285

Loveland, P.J., Whalley, W.R., 2000. Particle Size Analysis, in: Soil and Environmental
Analysis. CRC Press.

22



Mahecha, M.D., Reichstein, M., Carvalhais, N., Lasslop, G., Lange, H., Seneviratne, S.I.,
Vargas, R., Ammann, C., Arain, M.A., Cescatti, A., Janssens, [.A., Migliavacca, M.,
Montagnani, L., Richardson, A.D., 2010. Global Convergence in the Temperature
Sensitivity of Respiration at Ecosystem Level. Science 329, 838—840.
https://doi.org/10.1126/science.1189587

Merkus, H.G., 2009. Sedimentation Techniques, in: Particle Size Measurements, Particle
Technology Series. Springer Netherlands, Dordrecht, pp. 319-348.
https://doi.org/10.1007/978-1-4020-9016-5 13

Moore, D.M., Reynolds Jr., R.C., 1997. X-Ray Diffraction and the Identification and Analysis of
Clay Minerals, Second. ed. Oxford University Press.

Moore, E.K., Jelen, B.I., Giovannelli, D., Raanan, H., Falkowski, P.G., 2017. Metal availability
and the expanding network of microbial metabolisms in the Archaean eon. Nature Geosci
10, 629—636. https://doi.org/10.1038/ngeo3006

Morrissey, E.M., Mau, R.L., Schwartz, E., McHugh, T.A., Dijkstra, P., Koch, B.J., Marks, J.C.,
Hungate, B.A., 2017. Bacterial carbon use plasticity, phylogenetic diversity and the
priming of soil organic matter. ISME J 11, 1890-1899.
https://doi.org/10.1038/ismej.2017.43

Mueller, B., 2015. Experimental Interactions Between Clay Minerals and Bacteria: A Review.
Pedosphere 25, 799-810. https://doi.org/10.1016/S1002-0160(15)30061-8

Oelkers, E.H., Cole, D.R., 2008. Carbon Dioxide Sequestration A Solution to a Global Problem.
Elements 4, 305-310. https://doi.org/10.2113/gselements.4.5.305

Petrackova, D., Buriankova, K., Tesafova, E., Bobkova, S., Bezouskova, S., Benada, O.,
Kofronova, O., Janecek, J., Halada, P., Weiser, J., 2013. Surface hydrophobicity and
roughness influences the morphology and biochemistry of streptomycetes during attached
growth and differentiation. FEMS Microbiology Letters 342, 147-156.
https://doi.org/10.1111/1574-6968.12129

Phillips-Lander, C.M., Fowle, D.A., Taunton, A., Hernandez, W., Mora, M., Moore, D.,
Shinogle, H., Roberts, J.A., 2014. Silicate Dissolution in Las Pailas Thermal Field:
Implications for Microbial Weathering in Acidic Volcanic Hydrothermal Spring Systems.
Geomicrobiology Journal 31, 23—41. https://doi.org/10.1080/01490451.2013.802395

R Core Team, 2021. R: A language and environment for statistical computing.

23



R Core Team, 2020. R: A language and environment for statistical computing. Foundation for
Statistical Computing.

RStudio Team, 2022. RStudio: Integrated Development for R.

Rybtke, M., Jensen, P.@., Nielsen, C.H., Tolker-Nielsen, T., 2020. The Extracellular
Polysaccharide Matrix of Pseudomonas aeruginosa Biofilms Is a Determinant of
Polymorphonuclear Leukocyte Responses. Infection and Immunity 89,
10.1128/1a1.00631-20. https://doi.org/10.1128/1ai.00631-20

Saidy, A.R., Smernik, R.J., Baldock, J.A., Kaiser, K., Sanderman, J., 2013. The sorption of
organic carbon onto differing clay minerals in the presence and absence of hydrous iron
oxide. Geoderma 209-210, 15-21. https://doi.org/10.1016/j.geoderma.2013.05.026

Sande, C., Whitfield, C., 2021. Capsules and Extracellular Polysaccharides in Escherichia coli
and Salmonella. EcoSal Plus 9, eESP-0033-2020. https://doi.org/10.1128/ecosalplus.ESP-
0033-2020

Santoro, T., Stotzky, G., 1967. Effect of electrolyte composition and pH on the particle size
distribution of microorganisms and clay minerals as determined by the electrical sensing
zone method. Archives of Biochemistry and Biophysics 122, 664—669.
https://doi.org/10.1016/0003-9861(67)90175-0

Satterberg, J., Arnarson, T.S., Lessard, E.J., Keil, R.G., 2003. Sorption of organic matter from
four phytoplankton species to montmorillonite, chlorite and kaolinite in seawater. Marine
Chemistry 81, 11-18. https://doi.org/10.1016/S0304-4203(02)00136-6

Scheidegger, A., Borkovec, M., Sticher, H., 1993. Coating of silica sand with goethite:
preparation and analytical identification. Geoderma 58, 43—65.
https://doi.org/10.1016/0016-7061(93)90084-X

Schmidt, M.W.IL., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, [.A., Kleber,
M., Kogel-Knabner, 1., Lehmann, J., Manning, D.A.C., Nannipieri, P., Rasse, D.P.,
Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as an ecosystem
property. Nature 478, 49-56. https://doi.org/10.1038/nature10386

Shan, J., Morris, L.A., Hendrick, R.L., 2001. The effects of management on soil and plant carbon
sequestration in slash pine plantations. Journal of Applied Ecology 38, 932-941.
https://doi.org/10.1046/j.1365-2664.2001.00648.x

24



Shi, L., Dong, H., Reguera, G., Beyenal, H., Lu, A., Liu, J., Yu, H.-Q., Fredrickson, J.K., 2016.
Extracellular electron transfer mechanisms between microorganisms and minerals. Nat
Rev Microbiol 14, 651-662. https://doi.org/10.1038/nrmicro.2016.93

Singh, A., Varela, C., Bhatt, K., Veerapen, N., Lee, O.Y.C., Wu, H.H.T., Besra, G.S., Minnikin,
D.E., Fujiwara, N., Teramoto, K., Bhatt, A., 2016. Identification of a Desaturase Involved
in Mycolic Acid Biosynthesis in Mycobacterium smegmatis. PLOS ONE 11, e0164253.
https://doi.org/10.1371/journal.pone.0164253

Sparks, D.L., 2012. Advances in Agronomy. Academic Press.

Throckmorton, H.M., Bird, J.A., Dane, L., Firestone, M.K., Horwath, W.R., 2012. The source of
microbial C has little impact on soil organic matter stabilisation in forest ecosystems.
Ecology Letters 15, 1257—1265. https://doi.org/10.1111/1.1461-0248.2012.01848.x

van der Meij, A., Worsley, S.F., Hutchings, M.1., van Wezel, G.P., 2017. Chemical ecology of
antibiotic production by actinomycetes. FEMS Microbiology Reviews 41, 392-416.
https://doi.org/10.1093/femsre/fux005

Van Houdt, R., Michiels, C.W., 2005. Role of bacterial cell surface structures in Escherichia coli
biofilm formation. Research in Microbiology 156, 626—633.
https://doi.org/10.1016/j.resmic.2005.02.005

Wang, P, Liu, Y., Li, L., Cheng, K., Zheng, Jufeng, Zhang, X., Zheng, Jinwei, Joseph, S., Pan,
G., 2015. Long-term rice cultivation stabilizes soil organic carbon and promotes soil
microbial activity in a salt marsh derived soil chronosequence. Sci Rep 5, 15704.
https://doi.org/10.1038/srep15704

Wang, X., Wang, C., Cotrufo, M.F., Sun, L., Jiang, P., Liu, Z., Bai, E., 2020. Elevated
temperature increases the accumulation of microbial necromass nitrogen in soil via
increasing microbial turnover. Global Change Biology 26, 5277-5289.
https://doi.org/10.1111/gcb.15206

Whitfield, C., Wear, S.S., Sande, C., 2020. Assembly of Bacterial Capsular Polysaccharides and
Exopolysaccharides. Annual Review of Microbiology 74, 521-543.
https://doi.org/10.1146/annurev-micro-011420-075607

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

25



Wilhelm, M.J., Sharifian Gh., M., Wu, T., Li, Y., Chang, C.-M., Ma, J., Dai, H.-L., 2021.
Determination of bacterial surface charge density via saturation of adsorbed ions.
Biophysical Journal 120, 2461-2470. https://doi.org/10.1016/j.bpj.2021.04.018

Yost, J.L., Hartemink, A.E., 2019. Chapter Four - Soil organic carbon in sandy soils: A review,
in: Sparks, D.L. (Ed.), Advances in Agronomy. Academic Press, pp. 217-310.
https://doi.org/10.1016/bs.agron.2019.07.004

Zhou, J.L., Rowland, S., Fauzi, R., Mantoura, C., Braven, J., 1994. The formation of humic
coatings on mineral particles under simulated estuarine conditions—A mechanistic study.
Water Research 28, 571-579. https://doi.org/10.1016/0043-1354(94)90008-6

Zhu, X., Zhu, Z., Lei, X., Yan, C., 2016. Defects in structure as the sources of the surface
charges of kaolinite. Applied Clay Science 124—-125, 127-136.
https://doi.org/10.1016/j.clay.2016.01.033

26



	Attachment Issues: Microbes, Minerals, and the Persistence of Soil Organic Matter
	Recommended Citation

	tmp.1702065503.pdf._8idh

