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Summary

Soil is the worlds largest terrestrial C pool. More than 2400 Pg C is stored in the upper

2 m, while the amount of C stored in the atmosphere only accounts for 720 Pg. Soil organic

matter (SOM) has a tremendous impact on soil properties and ecosystem functions, like

nutrient cycle and soil water balance and therefore on the growth of microorganisms and

plants. Understanding how SOM is formed and stabilized in soils and its general dynamics

are central to the welfare of mankind, food security and crucial with respect to climate

change.

The parent material of SOM has impact on its chemical composition and thus on turnover

processes. Recent studies have shown a significant microbial contribution to SOM. In par-

ticular, microbial residues consisting of cell envelope fragments were shown to accumulate

in soil and contribute to SOM formation. Cell envelope fragments are in principle read-

ily degradable and thus needs to be stabilized in soil. Previous studies have shown that

the occlusion of organic matter due to co-precipitation can be considered as a strong sta-

bilization mechanism. This process may also be a significant stabilization mechanism for

microbial residues, as they are actually incrusted by mineral particles showing in several

studies. SOM also controls physico-chemical soil properties, including the wettability of

soil particle surfaces. Soil water repellency (SWR) is a widely observed phenomenon with

severe impacts on water availability, biological activity and organic matter decomposition.

Microorganisms are also affected by SWR because it induces water and osmotic stress for

the microorganisms and thus induces changes in microbial community composition and

activity. However, microorganisms are able to adapt to changing environmental conditions

by an increase in cell surface hydrophobicity upon exposure to water and osmotic stress.

Despite a large body of previous research, the molecular basis of SWR is not yet mechanisti-

cally understood and a mechanistic framework to explain the process of SWR development
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is still a major field of research. As microorganisms and their residues are an important

source of SOM, the attachment of cells and their residues, e.g., cell envelope fragments, on

mineral grains should decrease wettability of minerals.

This thesis focused on the formation and degradation of cell envelope fragments in liquid

cultures, artificial soil and natural soil in general, their stabilization by occlusion with Fe and

Al oxyhydroxides and the impact of microbial residues and microorganisms on soil surface

properties, in particular wettability.

The formation of fragmented cell envelopes as well as humic substances during growth

and decay of microorganisms was analyzed and visualized in pure cultures of bacteria by

means of scanning electron microscopy. In addition, the formation of microbial cell enve-

lope fragments was elucidated in incubation experiments with artificial soils amended with

pure cultures of model microorganisms. Using test systems characterized by an increas-

ing complexity, it was possible to elucidate and characterize the formation of cell envelope

fragments in detail. The decay of cells and the formation of microbially derived humic sub-

stances was observable and measured in pure cultures, while the formation of cell fragments

was only observed in the presence of an additional support phase, e.g., mineral surfaces.

The fragmentation process was observable for actinomycetes in artificial soils, while the

high complexity and heterogeneity even of this simplified system prevented the visuali-

zation of cell fragments from other bacteria. However, evidence for the death and decay

of microorganisms and the subsequent formation of cell envelope fragments was given by

analyzing the phospholipid fatty acids and total fatty acids, as proxies for the living and

dead biomass. A decrease in the phospholipid fatty acid concentrations was shown for all

organisms.

The degradation of cell envelope fragments and co-precipitation as a relevant stabilization

mechanism was tested by incubating 14C-labeled bacterial cells Escherichia coli and cell en-
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velope fragments alone or as co-precipitates with Fe or Al oxyhydroxides in soil. Various

conditions were applied to investigate the effect of redox conditions, water content and C

supply. The mineralization of cell fragments (29 %) was lower than that of intact cells (36 %).

Cell fragments therefore seemed to be more resistant to biodegradation than bulk cell C,

resulting in selective enrichment of cell envelope material. Co-precipitation with Fe and Al

decreased the mineralization of intact cells and cell fragments by a factor of 2 to 4, indicating

a strong protection of biomass. While reduced oxygen contents had no clear effect, water

saturation as well as nutrient and substrate addition accompanied by decreasing redox po-

tentials increased the mineralization, in particular of samples occluded by redox-sensitive

Fe oxyhydroxides. This emphasizes that dissolution of Fe minerals is an important destabi-

lization mechanism. As cell wall fragments are important SOM precursors, the occlusion of

this material into Fe or Al oxyhydroxides may have a significant impact on soil C cycling

and thus on SOM accumulation and CO2 release from soil.

The influence of bacteria and their cell envelope fragments on the wettability of a variety

of soil model minerals was tested by using Pseudomonas putida. In order to evaluate the

principal processes, the physico-chemical modifications of soil minerals due to attachment

of cells exposed to environmental stress were analyzed by mixing osmotically stressed or un-

stressed bacterial pure cultures. The impact on surface wetting properties was investigated

by determining the solid-water contact angles (CA), as measurement to characterize surface

wettability, on macro- and micro-scale. By the CA measurement, evidence was found for

changes in macroscopic and microscopic wettability of model minerals induced by bacteria,

cell envelopes and cytosol. This effect was influenced by bacterial response to osmotic stress.

Attachment of bacteria to quartz surfaces resulted in a significant increase in hydrophobicity

of the surfaces. The CA increased by up to 90◦ in particular for stressed cells, emphasizing

the impact of stress adaptation of microorganisms on mineral surface properties. Both cell

envelope fragments and cytosol were found to decrease wettability significantly (CA of up
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to 100◦). The observations on the macro-scale were paralleled by those on the micro-scale.

The findings may explain various phenomena related to SWR, like critical soil water content

and may be one important explanation for the formation of SWR after irrigation with treated

sewage effluents. The results also support the hypothesis of a microbial origin of SWR, in

which macromolecular biological structures like cell envelope fragments may have a great

impact.

Overall, the results of this dissertation emphasize the importance of microbial residues

as source for SOM (including humic substances), the occlusion of microbial residues into

Fe and Al oxyhydroxides as particularly relevant stabilization mechanism and thus for

SOM formation and stress furthermore the significant impact of microorganisms and their

residues on soil wetting properties.



Zusammenfassung

Der Boden ist der weltweit größte terrestrische Kohlenstoffspeicher. In den oberen 2 m

sind mehr als 2400 Pg Kohlenstoff gespeichert, während die Atmosphäre nur 720 Pg enthält.

Die organische Bodensubstanz hat weitreichende Auswirkungen auf die Eigenschaften von

Böden und deren Ökosystemfunktionen, wie z. B. den Nährstoffkreislauf, sowie den Boden-

wasserhaushalt und dadurch auf das Wachstum von Mikroorganismen und Pflanzen im

Allgemeinen. Ein Prozessverständnis für die Bildung und Stabilisierung der Bodensubstanz

ist vor allem im Hinblick auf die Versorgung der Menschheit mit Nahrungsmitteln und den

Klimawandel essentiell.

Das Ausgangsmaterial der organischen Bodensubstanz bestimmt deren chemische Zusam-

mensetzung und die biologische Umsetzung. Eine Vielzahl von Studien betonen den mi-

krobiellen Einfluss auf die Bildung der organischen Bodensubstanz. Es wurde gezeigt, dass

vor allem Fragmente von mikrobiellen Zellen angereichert im Boden vorliegen und zur

Bildung der organischen Bodensubstanz beitragen. Die Fragmente sind aufgrund ihrer che-

mischen Zusammensetzung jedoch potentiell biologisch abbaubar und müssen im Boden

stabilisiert werden. Die Stabilisierung organischer Substanz durch die Co-Präzipitation mit

Ionen wurde in diversen Studien gezeigt. Dieser Prozess könnte auch wichtig für die Stabi-

lisierung von mikrobiellen Rückständen im Boden sein. So wurde in Studien gezeigt, dass

mikrobielle Rückstände durch mineralische Substanz inkrustiert werden. Die organische

Bodensubstanz übt zudem Einfluss auf physiko-chemische Bodeneigenschaften, wie etwa

die Benetzbarkeit, aus. Wasserabweisende Böden stellen ein weltweites Problem dar, da

die Hydrophobizität die Wasserverfügbarkeit sowie die biologische Aktivität beeinflusst

und dadurch auch den Abbau von organischen Substanzen im Boden im Allgemeinen. Die

geringe Benetzbarkeit hat aufgrund der Induzierung von osmotischem Stress sowie von



VI Zusammenfassung

Wasserstress auch einen Einfluss auf Mikroorganismen und verändert damit die Zusam-

mensetzung der mikrobiellen Gemeinschaft und deren Aktivität. Mikroorganismen sind je-

doch in der Lage sich an verändernde Umweltbedingungen anzupassen. Die stressbedingte

Erhöhung der Hydrophobizität der Zellhülle ist dabei ein oft beobachteter Prozess. Die mo-

lekularen Ursachen für die wasserabweisenden Eigenschaften von Böden sind trotz großer

Anstrengungen noch nicht aufgeklärt. Zudem fehlt ein Verständnis für die Prozesse, die

zur Ausprägung der Hydrophobizität führen. Da Mikroorganismen und deren Rückstände

eine wichtige Quelle für die organische Bodensubstanz darstellen, sollten die Interaktionen

zwischen Zellen bzw. Zellrückständen und mineralischen Oberflächen in Böden daher die

Benetzbarkeit dieser Oberflächen verändern.

Die vorliegende Dissertation untersucht die Bildung und den Abbau von Zellhüllfragmen-

ten in Flüssigkulturen sowie künstlichen und natürlichen Böden, deren Stabilisierung durch

die Co-Präzipitation mit Fe- und Al-Oxyhydroxiden und die Auswirkung von mikrobiellen

Rückständen auf die Benetzbarkeit von Bodenmineralen.

Die Bildung der Fragmente sowie von Huminstoffen beim Wachstum und Absterben von

Mikroorganismen wurde in Flüssigkulturen untersucht und mittels Rasterelektronenmi-

kroskopie visualisiert. Die Bildung von mikrobiellen Fragmenten der Zellhüllen wurde in

Inkubationsexperimenten mit künstlichen Böden untersucht, die mit Reinkulturen unter-

schiedlicher Modell-Mikroorganismen versetzt waren.

Durch die Verwendung von unterschiedlich komplexen Testsystemen war es möglich, die

Bildung der mikrobiellen Fragmente zu untersuchen und charakterisieren. Der Abbau

von Bakterienzellen und die Bildung mikrobieller Huminstoffe wurde in Flüssigkulturen

nachgewiesen. Der Zerfall der Zellhüllen in Fragmente wurde im Beisein einer zusätzlichen

Oberfläche, wie der Oberfläche von Mineralen, gezeigt. Der Zerfallsprozess konnte in den

künstlichen Böden bei Actinomyceten visualisiert werden, während dies bei den anderen
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Modell-Bakterien durch den hohen Grad an Heterogenität und Komplexizität der Böden

nicht möglich war. Das Absterben und der anschließende Zerfall konnte jedoch durch die

Analyse der Phospholipid- und Gesamtfettsäuren, welche stellvertretend für lebende und

abgestorbene Mikroorganismen stehen, gezeigt werden. Es wurde für alle Organismen eine

Verringerung der Phosphoplipid-Konzentrationen über die Zeit verzeichnet.

Der Abbau von mikrobiellen Zellfragmenten und der Einfluss der Co-Präzipitation auf den

Abbau wurde in Experimenten mit 14C-markierten Escherichia coli Zellen und Zellfragmen-

ten untersucht. Die Biomasse wurde mit Fe- und Al-Oxyhydroxiden gefällt und im Boden

inkubiert. Die Inkubation erfolgte mit unterschiedlichen Randbedingungen um den Ein-

fluss von Redox-Bedingungen, Wassergehalt und zusätzlicher Zugabe von Kohlenstoff auf

den Abbau zu ermitteln.

In den Experimenten wurden Zellfragmente (29 %) langsamer mineralisiert als intakte Bak-

terienzellen (36 %), was eine Akkumulation von Fragmenten im Boden zur Folge hat. Die

Co-Präzipitation mit Al- und Fe-Oxyhydroxiden führte zu einer Verringerung der Minerali-

sierung um den Faktor 2 bis 4 im Vergleich zur Kontrolle ohne Minerale und stellt demnach

einen effektiven Stabilisierungsmechanismus dar. Eine Verringerung des O2-Gehaltes hat-

te nur einen geringen Einfluss auf den Abbau, während die Wassersättigung des Bodens

mit anschließender Zugabe von zusätzlichem Kohlenstoff (Glucose) und einer Senkung

des Redoxpotentials, den Abbau beschleunigte. Dies wurde vor allem in Ansätzen mit

redox-sensitiven Fe-Co-Präzipitaten beobachtet. Die Auflösung dieser Präzipitate stellt da-

her einen wichtigen Destabilisierungsmechanismus dar. Zellfragmente sind somit wichtige

Ausgangsstoffe für die Bildung der organischen Bodensubstanz und die in dieser Arbeit be-

schriebenen Mechanismen haben einen signifikanten Einfluss auf den Kohlenstoffkreislauf

im Boden und dadurch auf die Akkumulierung von organischer Bodensubstanz und des

CO2-Ausstoßes von Böden im Allgemeinen.
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Der Einfluss von Bakterienzellen und Zellresten auf die Benetzbarkeit unterschiedlicher

Bodenminerale wurde mit Pseudomonas putida untersucht. Dabei wurden osmotisch gest-

resste oder ungestresste Zellen mit den Mineralen gemischt, um den Einfluss der Zellen

und ihrer Stressadaption auf die Benetzbarkeit zu ermitteln. Die Benetzbarkeit der Modell-

minerale wurde durch die Messung des Kontaktwinkels auf der Mikro- und Makroskala

untersucht. Durch die Messungen konnte gezeigt werden, dass die Benetzbarkeit der mi-

neralischen Oberflächen durch die Interaktion mit Bakterienzellen, Zellfragmenten und

Cytosol verringert wird. Zudem hatte die Erhöhung der Zellhydrophobizität von Bakterien,

als Adaptionsmechanismus in Gegenwart von osmotischem Stress, einen Einfluss auf die

Benetzbarkeit der organo-mineralischen Assoziationen. Der Kontaktwinkel der Minerale

erhöhte sich im Beisein von Bakterien auf bis zu 90◦. Dies war vor allem bei gestressten

Zellen ausgeprägt. Eine Erhöhung des Kontaktwinkels auf 100◦ war in der Gegenwart von

Zellfragmenten und Cytosol zu verzeichnen. Beide Effekte ließen sich auf makroskopischer

und mikroskopischer Ebene beobachten. Aufgrund dieser Ergebnisse lassen sich verschie-

dene Erscheinungen wasserabweisender Böden, wie z. B. der kritische Bodenwassergehalt

oder die Ausbildung von Hydrophobizität nach Bewässerung mit behandeltem Abwasser,

ganz oder teilweise erklären.

Die Ergebnisse der vorliegenden Dissertation zeigen, dass mikrobielle Rückstände eine

wichtige Quelle für die organische Bodensubstanz und Huminstoffe darstellen. Sie zeigen

zudem, dass der Einschluss der Rückstände in Fe- und Al-Oxyhdydroxiden ein wichtiger

Mechanismus zur Stabilisierung der organischen Bodensubstanz ist und die Ausprägung

wasserabweisender Böden einen mikrobiellen Ursprung haben kann.
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1 Introduction

1.1 Benefits and functions of soil organic matter

Soils carry the worlds largest terrestrial C pool. About 1500 Pg C is stored in the upper

100 cm of soil and another 910 Pg is stored between 100 and 200 cm (Batjes, 1996), while the

amount of C stored in the atmosphere is only 720 Pg (Falkowski, 2000). Soil organic mat-

ter (SOM) has a tremendous impact on soil properties and ecosystem functions (Baldock

and Nelson, 2000). It affects the growth of plant and microorganisms, provides structural

stability of soil aggregates, directly influences soil water retention and contributes to the

cation exchange capacity of soils (Baldock and Nelson, 2000). Understanding how SOM is

stabilized in soils and its general dynamics is central to the welfare of mankind and crucial

with respect to climate change (von Lützow et al., 2006; Kleber and Johnson, 2010; Schmidt

et al., 2011). According to Kleber and Johnson (2010) there are three major reasons for the

importance of understanding soil C dynamics. This knowledge will allow (1) predicting

how the stored C responds to climate change (von Lützow et al., 2006; Heimann and Re-

ichstein, 2008); (2) developing approaches to sequester atmospheric C in soil to mitigate

climate change (Lal, 2004b) and (3) maintaining soil fertility by ensuring nutrient release

and microbial activity and thus establishing strategies for a proper management of soils

with respect to a sustainable agriculture and food security (Sleutel et al., 2003; Lal, 2004a;

Bellamy et al., 2005; Stewart et al., 2007). In general, soil acts as regulatory center for the

majority of ecosystem services, because it provides the substrate for most human activities

(Barrios, 2007). For example, agricultural ecosystems are supported by soil services like

nutrient cycling, soil structure and fertility, while the agriculture provides the provisioning

services like food, fiber and fuel production (Zhang et al., 2007).
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1.2 Molecular structure of soil organic matter

There are two general, but competing molecular models to describe the physical nature of

SOM (Kleber and Johnson, 2010). The “humic polymer” model builds on the assumption

that humic molecules of SOM are produced by secondary synthesis, i.e., humic macro-

molecules are polymerized from smaller molecules. These are metabolic products of plant

litter decomposition, mainly breakdown products of proteins, polysaccharides or lignin

(Oades, 1989; Hayes and Swift, 1990). An inherent stability, which is called recalcitrance,

of the humic macromolecules due to their structure can be derived from the model (Kleber

and Johnson, 2010). The so called humic substances can be characterized by a sequential

extraction procedure, which is based on the solubility of the material under alkaline or

acid conditions. The three fractions obtained are the fulvic acids, humic acids and humin

(Sutton and Sposito, 2005). These fractions are only operationally defined and may be af-

fected by artifacts. In addition, existence of three distinct compound classes has not been

yet been proven (Baldock and Nelson, 2000; Kelleher and Simpson, 2006). There are fur-

thermore arguments challenging the relevance of the extracted substances in natural soil

environments (Baldock and Nelson, 2000). The competing and more recent model is the

“molecular aggregate” model, which is proposed by Wershaw (2004). It implies that SOM

is composed of partial degradation products of plant polymers like lignin. The “molecular

aggregate” model disclaims the secondary synthesis and favors that SOM mainly consists

of small molecules in supramolecular associations. Therefore, a recalcitrance of molecules

cannot be derived by the model and other stabilization mechanisms are required. According

to Wershaw (2004), SOM mainly consists of plant litter, living and dead microorganisms,

organo-mineral associations, black C and metal-organic precipitates or complexes (Fig. 1).
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1) Fulvic acid 

2) Humic acid 

3) Humin 

Fig. 1: Conceptual models of soil organic matter: “Molecular aggregate” model (Wershaw,
2004) and “Humic Polymer” model; modified from Baldock and Nelson (2000) and Kleber
and Johnson (2010).

1.3 Soil organic matter stabilization and transformation

In general, the inputs for SOM are plant and microbial residues (Kögel-Knabner, 2002;

Miltner et al., 2012). The residues are stabilized by different mechanisms such as interactions

with mineral surfaces and complexation with metal ions and selective preservation and

resynthesis, including primary and secondary recalcitrance (Sollins et al., 1996; von Lützow

et al., 2006, 2008; Marschner et al., 2008) (Fig. 2). In particular, organo-mineral interactions

were revealed as the main stabilization mechanism in incubation experiments because they

reduce the attack by hydrolytic enzymes and reduce the availability of organic molecules



4 1 Introduction

plant residues & exudates 

A C T I V E   P O O L             1 - 10 yr 

microbial / faunal biomass & residues 

decomposed residues 

I N T E R M E D I A T E   P O O L                  10 - 100 yr 

T
ra

n
s

p
o

rt &
 tra

n
s

fo
rm

a
tio

n
 o

f D
O

M
 &

 c
o

llo
id

s
 

microbial / faunal biomass & residues 

Selective preservation & resynthesis 

Biogenic aggregation 

organo-mineral associations 
Interactions with mineral surfaces 

& complexation 

OM in clay microstructures 

P A S S I V E    P O O L                                                     > 100 yr 

Production of charcoal by fire 

intercalated OM 

humic polymers 

pseudo-macromolecules 

organo-mineral  associations 

Formation of hydrophobic surfaces 

Polymerisation 

Abiotic microaggregation 

charcoal 

Encapsulation 

Intercalation 

Interactions with mineral surfaces 

& complexation 

occluded OM 

Fig. 2: Conceptual model of organic matter stabilization according to von Lützow et al.
(2008).

(Miltner and Zech, 1999; Kalbitz et al., 2005; Kaiser and Guggenberger, 2007; Kögel-Knabner

et al., 2008). The preservation of organic matter (OM) may occur via sorptive interactions

due to strong multiple bonds of small organic molecules to mineral surfaces or via diffusion

of OM into very small pores < 20 nm (Mayer, 1994; Kaiser and Guggenberger, 2007; Kögel-

Knabner et al., 2008). Surfaces of oxides and hydroxides of Fe and Al are particularly

able to create strong bonds with OM and therefore provide a strong protection against

biodegradation (Kögel-Knabner et al., 2008). The importance of Fe and Al oxides and

hydroxides were also shown for the stabilization of dissolved organic matter (DOM) by
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sorptive interactions or co-precipitation (Kaiser and Guggenberger, 2000; Scheel et al., 2007).

The protective effect of co-precipitation was shown for citric acid with non-crystalline Al

hydroxide, allophane and imogolite as mineral phases (Boudot, 1992) and extracellular

polymeric substances (EPS) with amorphous Al hydroxide as mineral phase (Mikutta et al.,

2011). However, many previous studies dealing with EPS (Omoike and Chorover, 2006;

Mikutta et al., 2011; Liu et al., 2013) are using Bacillus subtilis cultures that lyse during

sporulation directly forming cell lysates and not EPS in a microbiological definition. Fe and

Mn oxides and hydroxides are known to be redox-sensitive. At the same time, the redox

potential also affects the activity of transformation processes by microorganisms, which can

in turn adapt to fluctuations of redox potential (Mihelic and Luthy, 1988; Pett-Ridge et al.,

2006; Thompson et al., 2006; DeAngelis et al., 2010). Oscillations of redox potential may

even occur in microniches of oxic soils, because the interior of macroaggregates may become

oxygen depleted due to microbial activity and low gas diffusivity in these aggregates (Zausig

et al., 1993). The oscillation of the redox conditions affects Fe mineralogy by dissolution

and precipitation (Pallud et al., 2010). The redox potential of soils is therefore an important

factor for SOM stabilization and persistence (Schmidt et al., 2011). For the global C cycle

destabilizing processes like dissolution of protecting minerals have been reported to be even

more important than stabilizing mechanisms (Sollins et al., 2007).

1.4 Contribution of microbial residues to soil organic matter

formation

Several studies emphasized the importance of the microbial impact on SOM formation

(Schimel et al., 2007; Simpson et al., 2007; Miltner et al., 2012; Schurig et al., 2013; Schütze

et al., 2013). Nearly 50 % of humic acids extracted from soil samples were shown to be of

microbial origin (Simpson et al., 2007). It was estimated that 80 % of the soil organic C may
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mineral surfacs

Fig. 3: The cell envelope fragments formation cycle and the contribution to soil organic
matter (SOM); modified from Miltner et al. (2012).

be derived from microbial necromass, assuming microbial living biomass C is 2 % of the

total soil organic C and necromass amounts to 40 times the biomass (Liang and Balser, 2011).

The microbial contribution to the C pools and fluxes is therefore much higher than expected

(Kästner, 2000). In particular, microbial residues consisting of cell envelope fragments were

shown to contribute to SOM formation (Schimel et al., 2007; Miltner et al., 2012; Schurig

et al., 2013; Schütze et al., 2013). The accumulation of cell envelope fragments during pedo-

genesis was visualized by scanning electron microscopy (Schurig et al., 2013). Miltner et al.

(2012) proposed a conceptual mechanism describing the formation and stabilization of mi-

crobial cell envelope fragments in soil (Fig. 3). The contribution of cell envelope fragments to

SOM formation is also supported by the observed accumulation of amino sugars, which are

biomarkers for cell envelope residues, with depth in soil (Guggenberger et al., 1999). More

evidence was given by incubation studies with 13C-labeled bacterial cells (Escherichia coli),

which showed a transfer of up to 40 % of the label to non-living SOM (Kindler et al., 2006).

Results from the same experiments also revealed the stability of peptides from intact micro-

bial biomass emphasizing the contribution to SOM formation (Miltner et al., 2009).
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Fig. 4: Impact of soil water repellency on processes relevant for organic matter decomposi-
tion and water regime in soil (Goebel et al., 2011).

1.5 Soil water repellency

SOM also controls physico-chemical soil properties, including the wettability of soil particle

surfaces (Bisdom et al., 1993). The interactions between SOM and mineral surfaces may

induce soil water repellency (SWR), a worldwide observed phenomenon, which has been

reported for a vast variety of soils, e.g., silty clay or sandy loam soils (Dekker et al., 1999;

Dekker and Ritsema, 2000; Doerr et al., 2000). SWR has macroscopic effects, like decreased

water infiltration into topsoil and increased surface runoff, erosion and evaporation (Doerr

et al., 2000; Goebel et al., 2011) (Fig.4). Due to its impact on the water availability and water

film thickness on minerals, the biological activity and OM decomposition is influenced to a

large extent (Churaev, 2000; Feeney et al., 2006; Goebel et al., 2011). SWR affects the water

distribution on the micro-scale and can exclude large areas from water and nutrient flow

on the macro-scale (Doerr et al., 2000; Goebel et al., 2005, 2007). If agricultural soils are

affected, crop growth can be severely inhibited by SWR, resulting in enormous economic
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damage (Blackwell, 2000). Microorganisms are also affected by SWR, because it induces

water and osmotic stress with severe impact on the affected microbial community and its ac-

tivity (Feeney et al., 2006; Schimel et al., 2007). However, microorganisms are able to adapt

to changing environmental conditions by modifications of their surface properties, e.g., by

an increase in cell surface hydrophobicity upon exposure to water stress, which is a widely

observed and well described stress response (Lopez et al., 2000; Wick et al., 2003; Neumann

et al., 2006; Baumgarten et al., 2012a,b). Changes in the structure of lipopolysaccharides

and releases of membrane vesicles were described as underlying mechanisms (Al-Tahhan

et al., 2000; Kulp and Kuehn, 2010; Baumgarten et al., 2012a). As mentioned before, micro-

bial residues, in particular cell envelope fragments, were reported to be a significant part

of SOM. The chemical components of the residues include various amphiphilic molecules

(Miltner et al., 2012). Studies revealed amphiphilic molecules like phospholipid fatty acids

(PLFA) and proteins to be effective in producing hydrophobic coatings and to be important

constituents of SOM (Wershaw, 1993; Doerr et al., 2000; Horne and McIntosh, 2000; Hur-

rass and Schaumann, 2006; Kleber et al., 2007; Mayes et al., 2013). The main approach to

study the chemical structure of substances inducing SWR is based on extraction of SWR

affected soil material with organic solvents and subsequent application of the organic extract

to hydrophilic minerals to induce SWR (Ma’Shum et al., 1988; Doerr et al., 2000). By this

method, several compound classes like alkanes, alkanols, fatty acids (FA), sterols and waxes

were identified to be able to induce SWR (Franco et al., 2000; Horne and McIntosh, 2000;

Mainwaring et al., 2004). However, the origin of these compounds cannot be identified

and were mostly considered to be plant derived. Based on the assumption that amphiphilic

compounds are effective in producing hydrophobic surfaces, Horne and McIntosh (2000)

proposed a zonal model, comprised of layers of amphiphilic compounds with either the

polar or the apolar part of the molecule directed towards the surface, which explains the

formation of hydrophobic coatings after drying. A structurally similar model was later sug-

gested by Kleber et al. (2007) to describe the zonal structure of organo-mineral associations
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Fig. 5: Zonal model of organo-mineral associations (Kleber et al., 2007).

(Fig. 5). The structural arrangement of SOM components thus can inherently control soil

particle surface wettability. In order to optimize soil management strategies to maintain soil

functions and fertility, the development of a mechanistic framework to explain formation

of SWR is desired. Despite high research efforts, up to now the molecular basis and the

underlying mechanisms of SWR development is not yet mechanistically understood and

still a major field in soil research (Mainwaring et al., 2004; Graber et al., 2009).
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1.6 Artificial soils

Investigating processes such as SWR development in real soils is difficult because soil has

a very complex structure and composition. In fact, it can be seen as the most complicated

biogenic material on the planet (Young and Crawford, 2004). For a better mechanistic under-

standing of underlying processes of SOM formation and soil development, a reduction of

complexity and exclusion of unpredictable abiotic factors and material can be helpful with

regards to experimental approaches (Pronk et al., 2012). In addition to soil chronosequences,

which allow studying initial interactions between minerals and OM during pedogenesis, ar-

tificial soils with pure minerals and defined microbial inoculum as well as OM can be useful

to study the very initial stages of organo-mineral associations (Dümig et al., 2011; Pronk

et al., 2012; Schurig et al., 2013). This approach was recently used to study the formation

of organo-mineral associations and biogeochemical interfaces, aggregates, microbiological

processes in general, the decomposition of OM and the response of microbial communities

to polycyclic aromatic hydrocarbons (Totsche et al., 2010; Guenet et al., 2011; Pronk et al.,

2012; Babin et al., 2013; Wei et al., 2014). In the present thesis, the concept of artificial soils

was also used to study the formation of microbial residues, in particular the cell envelope

fragments and to determine the contribution of different types of microorganisms to micro-

bial necromass. A further reduction of complexity was obtained by exclusion of the mineral

phase and the exclusive use of pure cultures of microorganisms.



2 Aims and Hypotheses

Based on the identification of research gaps in chapter 1, the aim of the present thesis was

to evaluate (1) the formation and turnover of cell envelope fragments in general, (2) their

stabilization in soil and (3) their impact on selected physical soil properties. In order to

obtain these aims, the following research hypotheses were tested:

1. Formation and turnover of microbial cell envelope fragments

a) The growth and decay of microorganisms in artificial soils and in pure cultures

is accompanied by the formation of cell envelope fragments and of humic sub-

stances.

b) Half-lives of fragmented cell envelopes are longer than those of intact bacterial

cells, which may promote their accumulation.

Microbial necromass may originate from different groups of microorganisms, e.g.,

fungi, Gram-negative and Gram-positive bacteria, which cover the three principal

types of cell walls. The formation of microbial cell envelope fragments from these

major types of microbial cell wall structures was elucidated in incubation experiments

with artificial soils amended with pure cultures of model microorganisms. PLFA and

total fatty acids (tFA) were analyzed as proxies for the decay of microorganisms. The

formation of cell envelope fragments was visualized by means of scanning electron

microscopy (SEM). In addition, the formation of fragmented cell envelopes as well

as humic substances during growth and decay of microorganisms was analyzed and

visualized in pure cultures of bacteria. The turnover of cell envelope fragments as well

as intact cells was tested using 14C-labeled E. coli cells in incubation experiments in

natural soils. Although their decay has already been investigated by various groups

this was done only using freeze-dried fragments or non-native biomass enabling a
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more rapid turnover compared to fresh biomass (Marumoto et al., 1977; Nakas and

Klein, 1979; Cortez, 1989).

2. Stabilization of microbial biomass in soil

a) Occlusion and incrustation of microbial cell envelope fragments and intact bacte-

rial cells by co-precipitation with Al and Fe oxyhydroxides has a protective effect

against degradation.

b) Changes in redox condition affect the stabilization of biomass protected by redox-

sensitive Fe oxyhydroxides.

Microbial cell envelope fragments themselves can act as matrix for the incrustation by

Fe and Si. This process was already shown for fragments of Streptomyces spp., where

the incrustation and occlusion of macromolecular cell architecture by inorganic mate-

rial was clearly visible (Schütze et al., 2013). The occlusion due to co-precipitation can

be considered as a strong stabilization mechanism. This process might be even more ef-

fective than sorptive interactions of organic molecules with mineral surfaces, which is

the generally considered stabilization mechanism. The redox potential as an important

factor for SOM stabilization and persistence may also affect the co-precipitated organo-

mineral associations (Schmidt et al., 2011). The stabilizing effect of co-precipitation of

microbial residues with Fe and Al oxyhydroxides was thus investigated in degrada-

tion experiments using 14C-labeled biomass co-precipitated with the oxyhydroxides

and incubated under various levels of oxygen.

3. Impact on soil surface properties (wettability)

a) Interactions of intact bacterial cells and their envelope fragments with soil mine-

rals change the surface wettability of the mineral particles.
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b) Osmotic-stress induced changes of bacterial surface properties are reflected in

surface properties of organo-mineral associations and thus, when stabilized in

soil, affect soil mineral wettability.

Microbial necromass and living bacterial cells may influence physical soil properties

like the wettability of the mineral phase. Therefore, the influence of bacteria and their

cell envelope fragments on the wettability of soil model minerals was tested. In order

to evaluate the principal processes, the physico-chemical modifications of bacterial

surfaces due to environmental stress were analyzed by exposing bacterial pure cultures

to osmotic stress and subsequently mixing them with several model minerals. The

microscopic and macroscopic contact angles (CA), a measure for SWR, of the organo-

mineral associations were determined by environmental scanning electron microscopy

(ESEM) and by the sessile drop method, respectively. In addition, SEM was used to

characterize the surface coverage by structures in the sub-µm size range.





3 Materials and Methods

3.1 Chemicals and test organisms

All chemicals and organisms were obtained from commercial sources. Pseudomonas putida

mt-2 (Gram-negative bacterium; DSM 3931), B. subtilis (Gram-positive bacterium; DSM 357)

and Streptomyces mirabilis (Gram-positive actinomycete; DSM 40 553) were obtained from

DSMZ (Braunschweig, Germany). E. coli K12 (Gram-negative bacterium) was obtained

from the culture collection of the Department of Environmental Microbiology-UFZ (Leipzig,

Germany).

3.2 Culture conditions

3.2.1 Growth media

Different media were used for the growth and incubation experiments with microorganisms

(Tab. 1–Tab. 5). All media were prepared with demineralized water and sterilized before

usage.

3.2.2 Pure cultures for artificial soils incubation experiments

For artificial soil incubation studies cells of P. putida (mineral medium 1 with 4 g L−1 diso-

dium succinate, Tab. 1), B. subtilis (nutrient medium, Tab. 2) and S. mirabilis (GYM strepto-

myces medium, Tab. 3) were grown until late stationary phase at 30 ◦C on a horizontal shaker

in order to obtain high yields at defined growth conditions and harvested by centrifugation
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Tab. 1: Composition of mineral medium 1 according to Hartmans et al. (1989).

Substance Concentration

(NH4)2SO4 2 g L−1

K2HPO4 1.6 g L−1

NaH2PO4·2H2O 0.85 g L−1

MgCl2·6H2O 0.1 g L−1

EDTA 10 mg L−1

FeSO4·7H2O 5 mg L−1

ZnSO4·7H2O 2 mg L−1

CaCl2·2H2O 1 mg L−1

MnCl2·2H2O 1 mg L−1

CoCl2·6H2O 0.4 mg L−1

CuSO4·5H2O 0.2 mg L−1

Na2MoO4·2H2O 0.2 mg L−1

Tab. 2: Composition of nutrient medium (DSMZ medium 1) (DSMZ, 2014).

Substance Concentration

Soya peptone 5 g L−1

Meat extract 3 g L−1

Tab. 3: Composition of GYM streptomyces medium (DSMZ medium 65) (DSMZ, 2014).

Substance Concentration

Malt extract 10 g L−1

C6H12O6 4 g L−1

Yeast extract 4 g L−1
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Tab. 4: Composition of modified M9 medium according to Studier and Moffatt (1986).

Substance Concentration

Na2HPO4 6 g L−1

KH2PO4 3 g L−1

NH4Cl 1 g L−1

NaCl 0.5 g L−1

MgSO4·7H2O 0.12 g L−1

CaCl2 10 mg L−1

Tab. 5: Composition of optimized mineral medium according to Kindler et al. (2006).

Substance Concentration

Na2HPO4 6.97 g L−1

K2HPO4 3.42 g L−1

NH4Cl 1 g L−1

NaCl 0.5 g L−1

MgCl2·7H2O 0.2 g L−1

CaCl2 0.1 g L−1

FeSO4 10 mg L−1

MnSO4 0.2 mg L−1

ZnSO4 0.2 mg L−1
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(5000 g, 15 min). The resulting cell pellet was washed three times with phosphate-buffered

saline (PBS; 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4, 1 L demineralized water,

pH 7.4). The cells were stored at 4 ◦C until start of incubation studies.

3.2.3 Culture conditions for osmotically stressed Pseudomonas putida

P. putida was cultivated in mineral medium 1 (Tab. 1) with 4 g L−1 disodium succinate as

sole C and energy source. Cells were grown in a baffled flask on a horizontal shaker at

30 ◦C. For inducing osmotic stress, 1.25 M NaCl (final concentration) was added at the early

exponential growth phase. The control cells were obtained by growth without additional

NaCl. After 2 h incubation, the cells were harvested by centrifugation (10 000 g, 10 min) and

washed three times with 10 mM KNO3. The cell pellet was finally resuspended with 10 mM

KNO3 and stored for further analysis.

3.2.4 14C-labeling of Escherichia coli

Modified M9 medium (Tab. 4) amended with 2 g L−1 D-glucose was used for growth of

E. coli. For the labeling procedure, 1 L glass bottles containing 300 mL medium were inocu-

lated with 5 % (v/v) of an overnight culture in the same medium. U-14C labeled D-glucose

(Biotrend, Cologne, Germany) was used as a radiotracer. The specific activity of the tracer

was 9.25–13.3 GBq mmol. The tracer was dissolved in EtOH:H2O (9:1) to obtain an activity

of 37 MBq mL−1 and further dissolved in demineralized water to obtain the working stan-

dard with an activity of 4.2 MBq mL−1. 14C glucose working standard was added in order

to obtain an activity of 1.5–1.8 MBq per bottle. Cultures were incubated on a horizontal

shaker at 30 ◦C. Labeled cells were grown until the late stationary phase was reached in
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order to obtain high yields at defined growth conditions. Cells were harvested by centrifuga-

tion (2500 g, 15 min) and washed three times with sufficient 0.9 % NaCl to remove adhering

nutrients and label. The harvested biomass contained 32 to 42 % of the added 14C activity.

Unlabeled cells as a control were prepared by the same procedure but without addition of

14C glucose.

3.3 Preparation of cell envelope fragments

Cell envelope fragments were produced by ultrasonic disruption (Sonopuls HD 70, Bandelin

electronics, Berlin, Germany). Briefly, portions of 500 µL cell suspensions of E. coli, B. subtilis

or P. putida were ultrasonically disrupted (five steps, 1 min each step, on ice and 30 s cooling

breaks between disruption cycles to prevent overheating, 30 % power, 50 % interval) and

washed two times with demineralized water (10 000 g, 20 min). Preliminary tests with 14C-

labeled E. coli have shown a residual activity of about 10 % of the initially added activity in

the remaining fragments (data not shown).

Fragments of S. mirabilis were produced by ultrasonic treatment (two steps, 10 min each step,

75 % power, 50 % interval) and additional glass beads. The fragments were then washed

three times with demineralized water.

3.4 pH and redox potential measurement

The pH was measured according to ISO (2005). Briefly, 10 g soil was mixed with 50 mL of

0.01 M CaCl2. The suspension was shaken for 1 h on a horizontal shaker and left standing for

2 h without further shaking. The pH of the water saturated samples was directly measured

using a pH electrode (SenTix R© 41, WTW, Weilheim, Germany).



20 3 Materials and Methods

The device was calibrated with buffer solutions (pH 4 and pH 9) prior to measurements for

quality assurance. All measurements were conducted in duplicate.

The redox potential of water saturated soil samples was measured using a redox electrode

(SenTix R© ORP, WTW, Weilheim, Germany). The testing time was 15 min and the device was

calibrated using a redox buffer solution prior to measurement.

3.5 Model minerals

Coarse-grained quartz (CQ, Carl Roth GmbH, Karlsruhe, Germany) and a washed and

calcined medium-grained quartz (MQ, Merck KGaA, Darmstadt, Germany) were chosen as

representative material for two different sand fractions. Fine-grained quartz (FQ, Carl Roth

GmbH, Karlsruhe, Germany), kaolinite (KA, Fluka, Sigma-Aldrich, St. Louis, USA) and

montmorillonite (MON, Sigma-Aldrich, St. Louis, USA) were chosen as model minerals

for the silt and clay fraction, respectively. For artificial soil incubation studies, MON was

transferred into its Ca2+ form by a method modified from Rabung et al. (2005). Briefly, MON

was mixed with 0.5 M CaCl2 and subsequently stirred overnight. Then, the suspension was

three times washed with demineralized water to get rid of excessive ions.

Ferrihydrite (FH) was chosen as a reactive and representative Fe mineral and synthesized

according to the protocol for the synthesis of 2-line FH described by Schwertmann and

Cornell (2000). Briefly, 10 g Fe(NO3)3·9H2O was dissolved in 125 mL demineralized water.

The pH was adjusted to 7–8 with 1 M KOH. Samples were centrifuged (2500 g, 5 min)

and washed three times with demineralized water. Then, the suspension was dialyzed

against demineralized water for 4 d, washed with demineralized water and freeze-dried.

The specific surface area (SSA) of the minerals was determined by BET measurement with a

Nova 4000e (Quantachrome, Odelzhausen, Germany) after drying of the minerals at 105 ◦C.
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The corresponding areas were: CQ: 0.17 m2 g−1, MQ: 0.35 m2 g−1, FQ: 1.06 m2 g−1, KA:

8.92 m2 g−1. The SSA of MON was assumed to be 274 m2 g−1 (Madurai et al., 2011).

3.6 Preparation of 14C-labeled organo-oxyhydroxide co-precipitates

Four different precipitates were used for the incubation experiments. Fe oxyhydroxide pre-

cipitates were synthesized according to the protocol for the synthesis of 2-line FH described

by Schwertmann and Cornell (2000). The protocol is described in 3.5. 14C-labeled intact

cells and cell fragments were added prior to pH adjustment. No further dialysis and drying

was performed to prevent artifacts.

Al oxyhydroxides precipitates were synthesized according to Okada et al. (2002). Briefly,

50 mL 0.5 M Al(NO3)3·9H2O was mixed with 50 mL 0.5 M NaAlO2. A suspension containing

either intact cells or cell fragments was added and the pH adjusted to 9 with 5 M NaOH.

The precipitates were aged at 60 ◦C for 20 h. The samples were washed three times with

demineralized water (2500 g, 5 min) to remove free bacteria, fragments and excessive ions, in

particular nitrate. In order to prevent drying artifacts, the complexes were not dried. During

the co-precipitation procedure, virtually the entire radioactive label remained within the

precipitates (data not shown). All precipitates were used for incubation tests as described

in 3.10.4.
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3.7 Preparation of organo-mineral associations for wettability

measurements

Unstressed and stressed cells of P. putida, prepared as described in 3.2.3, were diluted with

100 µL 10 mM KNO3 and added to 500 mg of the mineral phase to be studied (CQ, MQ, FQ,

KA) while gently stirring to prevent damage of the cells and release of cytosolic substances.

The concentrations of cells used for the experiment were 108, 109 and 1010 cells g−1 mineral.

Cell numbers were previously estimated by optical density measurement and cross-checked

by using a Coulter counter Multisizer 3 (Beckman Coulter, High Wycombe, U.K).

Cell fragments and cytosolic compounds from unstressed bacteria were separated by ultra-

sonic disruption, as described in 3.3. The pellet containing the cell envelope fragments was

finally stored in 100 µL KNO3. For obtaining the cytosolic compounds, the supernatant of the

first centrifugation step after ultrasonic disruption was collected (about 0.5 mL). Aliquots of

100 µL were used for the experiments. As a protein standard, bovine serum albumin (BSA,

100 µg mL−1) was used. Cell envelope fragments, supernatant and BSA were finally mixed

with 500 mg of the mineral phase. All organo-mineral associations (three replicates for each

treatment) were air dried for 2 h at room temperature (∼22 ◦C, ∼60 % relative humidity)

before further analysis as described in 3.12.2.

3.8 Artificial soils and natural soil under study

Two different artificial soils were chosen for incubation studies. Artificial soil 1 (AS1) con-

sisted of 80 % CQ, 19 % MON and 1 % FH (w:w:w). The SSA was about 50 m2 g−1. AS1 was

supplemented with 0.2 % CaCO3 to raise the pH (CaCl2) to 6.5. The second artificial soil
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(AS2) was a mixture of 59 % CQ, 35 % FQ, 5 % KA and 1 % FH (w:w:w:w) to get a soil with

a lower SSA (about 0.9 m2 g−1).

The incubation experiments with 14C-labeled E. coli biomass were conducted with a silt

loam soil collected from the A horizon of a Haplic Phaeozem at the agricultural long-term

experiment “Statischer Düngungsversuch” in Bad Lauchstädt, Germany. Since 1902, this

soil has been fertilized with farmyard manure (30 t ha−1 every second year). The plot was

cropped with a rotation of winter wheat, sugar beet, summer barley and potatoes. The soil

contained 21 % clay, 68 % silt, 11 % sand, 1.7 g kg−1 total N and 21 g kg−1 organic C (Blair

et al., 2006). The pH (CaCl2) was 6.6 and the maximum water holding capacity (WHC) was

reached at a gravimetric water content of 37.5 %. Soil samples were stored at 4 ◦C. Prior to

incubation tests, samples were sieved through a 2 mm screen and preconditioned for 3 d at

room temperature.

3.9 Preparation of soil extract

Soil extract was obtained by mixing “Bad Lauchstädt” soil with 0.2 % Na4P2O7 1:1 (w:w).

Then, the suspension was shaken on an end-over-end shaker for 24 h at 60 rpm and sub-

sequently centrifuged (960 g, 5 min) to remove coarse soil particles. The supernatant was

centrifuged again for 15 min at 5000 g. The harvested cell pellet was dissolved in demine-

ralized water and stored at 4 ◦C. The soil extract was used as inoculum to investigate the

formation of humic substances in liquid cultures (3.10.1) and as supplement for the artificial

soils (3.10.3).
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3.10 Incubation studies in liquid cultures, artificial and natural soil

3.10.1 Formation of humic substances in liquid cultures

E. coli, B. subtilis and soil extract were used as inoculums to investigate the formation of

humic substances during the incubation of liquid cultures. 1 L baffled flasks containing

300 mL mineral medium (Tab. 1) were inoculated with 5 % (v/v) of an overnight culture

of E. coli, B. subtilis or 2 % (v/v) with a soil extract. 5 g L−1 glucose was used as sole C

and energy source. The cultures were incubated on a horizontal shaker at 30 ◦C. Three

30 mL sample aliquots were taken after 2 weeks and 2 months incubation and sequentially

fractionated into fulvo acids, humic acids and humin as described in 3.11.1.

3.10.2 Incubation of bacteria in liquid pure cultures

For incubation studies, P. putida and E. coli were cultivated in mineral medium 1 (Tab. 1) with

4 g L−1 disodium succinate or 5 g L−1 D-glucose as sole C and energy source, respectively.

Cells were grown in baffled flasks with 200 mL growth medium on a horizontal shaker at

30 ◦C. 20 g L−1 sterile MQ was added for testing the influence of a mineral phase on the

formation of microbial cell envelope fragments. Sterile growth media without added cells

was taken as a control. 0.5 mL sample aliquots were taken at every sampling point and fixed

as described in 3.12.1. The fixed cells were transferred on Poly-D-lysine (PDL) coated glass

slides and critical point dried as described in 3.12.1 after fixation. The samples with MQ

were washed three times with PBS after fixation and stored. The same incubation studies

were repeated with E. coli and optimized mineral medium with higher concentrations of

Ca2+ and Mg2+ (Tab. 5). Furthermore, fixed cells were directly critical point dried without

the transfer to PDL coated glass slides to prevent losses of cell envelope fragments.
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In a further approach, 1.5 mL of early stationary phase P. putida cells were washed three

times with 0.9 % NaCl and stored in 500 µL NaCl. 20 µL aliquots were put on PDL slides

and incubated in closed glass petri dishes at 20 ◦C in darkness. The same test was repeated

with 0.8 g MQ instead of PDL slides and P. putida or E. coli as test organisms. Furthermore,

the cell-mineral associations were incubated without shaking at 30 ◦C. No washing step was

performed after harvesting. All samples were further processed as described in 3.12.1.

3.10.3 Incubation of bacterial cells and cell envelope fragments in artificial soils

The test organisms, either as intact cells or cell envelope fragments were vigorously mixed

with the artificial soils by using an agitating machine. Different combinations were per-

formed, which are listed in Tab. 6. Soil extract was added dropwise to obtain an extracted

soil:artificial soil ratio of 1:1 (w:w). The water contents of the mixtures were adjusted with

0.01 M CaCl2 to ∼60 % WHC. The bottles were aerated every week to obtain aerobic incu-

bation conditions. Every 4 weeks, the water loss of the soils was compensated with demine-

ralized water. Samples were taken after 0, 8, 16 and 32 weeks incubation.

3.10.4 Incubation of 14C-labeled biomass in soil

For incubation experiments, 25 g soil samples were mixed with 14C-labeled bacteria or

cell fragments (6× 108 cells g−1 soil dry weight [dw]) or 1 % (w/w) organo-mineral co-

precipitates, and the water content was adjusted to 60 % of the WHC with demineralized

water. The soil samples with an activity of ∼3 kBq (corresponding to 0.6 mg E. coli biomass

g−1 soil [dw]) were transferred into 500 mL glass bottles. Soil samples amended with unla-

beled bacteria were used as controls. Test tubes with 10 mL 1 M NaOH were used to trap the

14CO2. In order to maintain oxic conditions, the bottles of the oxic treatment were flushed
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Tab. 6: Properties of incubation studies in artificial soils.

Organism Cell status Artificial soil1 Cells g−1 soil (dw)2 Cmic [µg g−1 soil (dw)]3

No organism n/a4 AS1 n/a n/a

P. putida intact AS1 1.6× 1010 2700

P. putida fragments AS1 n/a5 1130

B. subtilis intact AS1 2.5× 109 208

B. subtilis fragments AS1 n/a 62.4

B. subtilis intact AS2 1010 856

B. subtilis fragments AS2 n/a 367

S. mirabilis intact AS1 4× 109 344

S. mirabilis fragments AS1 n/a 216

1 see 3.8

2 assuming 5.9× 1010 cells nmol PLFA (Green and Scow, 2000)

3 dry weight

4 not applicable

5 cell envelope fragments were produced from the same number of intact cells

with humidified air weekly. In order to ensure an O2 depleted atmosphere, the bottles for

this treatment were flushed with humidified N2. The degradation tests were run for 98 (Fe

treatments) or 101 d (Al and control treatments). All treatments were run in triplicates. After

98 (Fe oxyhydroxide treatments) or 101 d (other treatments), 10 g soil samples (dw) were

removed from the incubation bottles. The remaining soil samples of the N2 atmosphere

samples were mixed with 25 mL degassed demineralized water (dissolved O2: 0.1 mg L−1)

in order to obtain a soil:water ratio of 1:1.7. Both the oxic and submerged samples were fur-

ther incubated for another 182 d. After this incubation period, the effect of easily-available
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substrates on the stability of the residual activity was tested. To this end, four portions of

25 mg D-glucose, (NH4)2SO4 and K2HPO4 (8:1.3:0.2 [w:w:w], (ISO, 2003)) were added to

the samples after 0, 11, 15 and 19 d. After the last amendment, the samples were incubated

further 18 d .

3.11 Chemical analyses

3.11.1 Humic substances fractionation and total organic carbon measurement

For the fractionation of liquid cultures into fulvic acids, humic acids and humin a modified

method of Swift (1996) was used. Briefly, 30 mL samples were mixed under N2 with 100 mL

freshly prepared 0.5 M NaOH and end-over-end shaken for 18 h at 60 rpm. Then, the sam-

ples were centrifuged at 15 min at 9600 g and the supernatants transferred into glass bottles.

The remaining pellets (humin fraction) were resuspended in 40 mL demineralized water

and stored frozen until further analysis. The supernatants were acidified to pH 1 with 6 M

HCl, centrifuged (10 000 g, 20 min) and the precipitates (humic acid fraction) dissolved in

25 mL 0.1 M NaOH. The remaining supernatants were the fulvic acid fraction. The total or-

ganic carbon (TOC) was determined in a final step for all fractions by using a TOC analyzer

(Shimadzu, TOC 600, Duisburg, Germany) and the “total C-inorganic C” method.

3.11.2 Analysis of fatty acids

The PLFA were extracted from 2 g soil samples by adding a mixture of 2 mL PBS, 5 mL

MeOH and 2.5 mL chloroform (Bligh and Dyer, 1959; Zelles, 1997). Samples were shaken

for 2 h, then additional 2.5 mL demineralized water and 2.5 mL chloroform were added. The

organic phases were transferred to new glass vials and evaporated under N2. The samples
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were resuspended in 1 mL chloroform and separated into glycolipids, neutral lipids and

PLFA according to Frostegård et al. (1991) by chromatography over silica filled columns

(Unisil, Clarkson Chromatography Products Inc., South Williamsport, USA) previously

treated and washed with 0.02 M ammonium acetate in MeOH. The three FA fractions were

eluted with 5 mL chloroform, 5 mL acetone and 15 mL MeOH. The PLFA-containing MeOH

fraction was collected and evaporated under N2 and the PLFA subsequently derivatized.

Therefore, dried samples were resuspended in 500 µL MeOH/trimethylchlorosilane (9:1

[v:v]) and the PLFA methylated for 2 h at 60 ◦C to fatty acid methyl esters (FAME). The

remaining supernatants were evaporated under N2 and the residues dissolved in 100 µL

hexane with 10 µg heneicosanoate methyl ester (FAME 21:0) as an internal standard. The

tFA were directly methylated by adding 2 mL MeOH/trimethylchlorosilane (9:1 [v:v]) to

air-dried soil samples and subsequent incubation for 2 h at 70 ◦C. The FAME were extracted

from soil according to Miltner et al. (2004) with diethyl ether and purified over silica gel

columns (Baker, Avantor Performance Materials, Center Valley, USA). The eluates were

evaporated under N2 and the residues dissolved in 200 µL hexane with 20 µg FAME 21:0.

The FAME were analyzed by means of gas chromatography coupled to mass spectrometry

(GC-MS) (Agilent GC7890A and MS5975C, Agilent Technologies, Santa Clara, USA). The

temperature program for GC-MS (HP-5MS column) was: initial temperature at 50 ◦C for

1 min, heat to 250 ◦C at 4 ◦C min−1, heat to 300 ◦C at 20 ◦C min−1 and hold for 10 min. The

inlet temperature was 280 ◦C and the injector at splitless mode and the MS-source at 230 ◦C.

FAME were identified by comparison of mass spectra from a library and retention times

of a standard mixture containing typical bacterial acid methyl esters (BAME Mix, Sigma-

Aldrich, St. Louis, USA) and quantified in relation to the internal standard. All PLFA and

tFA analyses were conducted in triplicates.
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3.11.3 14C activity measurement in liquid and soil samples

The NaOH used for trapping the 14CO2 was changed periodically. Aliquots of 0.5 mL were

gently mixed with 5 mL Ultima Gold (PerkinElmer, Waltham, USA) and the activities mea-

sured with a Wallac 1414 scintillation counter (PerkinElmer, Waltham, USA; 5 min with

chemiluminescence correction).

For measuring the radioactivity, solid samples were oxidized using a biological oxidizer (OX-

500, Harvey Instrument Corporation, Tappan, USA). Dried and crushed soil (100 mg; two

aliquots of each sample) was added to a ceramic sample holder and thoroughly mixed with

10 mg cellulose. The samples were combusted at 900 ◦C in an O2 stream of 380 mL min−1

for 4 min. The evolved 14CO2 was trapped in 15 mL scintillation cocktail (Oxysolve-C400,

Zinsser Analytic GmbH, Frankfurt, Germany) and scintillation counted.

3.12 Visualization and surface characterization

3.12.1 Scanning electron microscopy

Aliquots of samples were fixed with 2.5 % (w/w) glutaraldehyde in PBS. After 6 h fixation,

the fixative was replaced with fresh glutaraldehyde and subsequently fixed overnight at

4 ◦C. Samples from the incubation studies in liquid cultures (3.10.2) were fixed using freshly

prepared 4 % formaldehyde/1 % glutaraldehyde (w/w) in PBS. Afterward the samples

were washed three times with PBS and dehydrated by a graded acetone series. The solution

was exchanged every 30 min by a solution with a higher acetone concentration (25, 25, 30,

50, 60, 70, 80, 90, 100, 100, 100 % [v/v]) (Schurig et al., 2013) and dried using critical point

drying (Leica EM CPD300, Wetzlar, Germany or Emitech K850, Quorum Technologies Ltd.,

Ashford, UK). Samples on PDL coated glass slides were dehydrated by a graded EtOH
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series (25, 50, 70, 90, 100, 100 %[v/v]) and critical point dried as described above. All

samples were coated with an Au layer (Sputtercoater SCD 50, Bal-Tec, Liechtenstein) and

analyzed by means of SEM with an Ultra 55 (Carl Zeiss, Oberkochen, Germany) and the

following settings: gun voltage: 1 kV, system vacuum: 10−8 Pa, detector: secondary electron

2, noise reduction: frame average/line average.

3.12.2 Macroscopic water contact angle measurement

As a measure for cell surface hydrophobicity, the CA of the bacteria was measured with

the sessile drop method as described by van Loosdrecht et al. (1987). Briefly, bacterial

cells were spread on 0.45 µm pore size filters (Schleicher & Schuell, Dassel, Germany) by

means of filtration. The filters were air dried for 2 h at room temperature (∼22 ◦C, ∼60 %

relative humidity) and analyzed by CA measurement (DSA 100, Kruess GmbH, Hamburg,

Germany) with following settings: water drop volume: 3 µL, flow rate: 40 µL min−1. The

CA (◦) of four independently measured drops were evaluated by means of drop shape

analysis.

The CA of the organo-mineral associations were determined using the sessile drop method

as described by Bachmann et al. (2000). The dried samples were fixed with double-sided

tape on glass slides by gentle pressing. Excessive material was removed by tapping to obtain

a fixed monolayer. The CA was measured as described before. Samples with CA > 0◦ to

90◦ show reduced wettability, while values greater than 90◦ indicate extreme SWR (Goebel

et al., 2011).
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3.12.3 Environmental scanning electron microscopy

Condensation experiments in an ESEM (Quanta 200-ESEM, FEI Company, Eindhoven,

Netherlands) were performed to characterize the micro-scale wettability of the organo-

mineral associations (CQ and MQ as mineral compounds). For this, the samples were

placed on a Peltier stage in a gaseous environment consisting of water vapour. The initial

chamber pressure was 250 Pa and the gun voltage 20 kV. For a wettability experiment ac-

cording to Goebel et al. (2007), the chamber pressure was increased until condensation of

water on mineral surfaces was observable. The CA of the water droplets were analyzed by

means of drop shape analysis with the software SCA20 (DataPhysics, Filderstadt, Germany).

The amount of evaluated drops reached from two to five for each sample.

3.13 Surface coverage determination, data analysis and statistics

Mineral surface coverage was determined by multiplying the number of attached bacteria

with their cross-section area, which was derived from scanning electron micrographs. The

determined area was then related to the SSA of the minerals.

The macroscopic CA of the cell concentrations and the TOC of the different humic substance

fractions over time was tested for significance using one way repeated-measures ANOVA

followed by Holm-Sidak post hoc test for pairwise differences. Some data sets were
√

x + 0.5

transformed to obtain equal variance and normal distribution. The significance between un-

stressed and stressed cells without minerals was tested with t-test, while the effect of osmotic

stress on the organo-mineral associations was tested using one way ANOVA followed by

Dunnett’s T3 post hoc test. For all tests, the significance level was set at 0.05. All curve fitting

procedures and statistics were performed using SigmaPlot 12.5 (Systat Software, San Jose,
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USA) and IBM SPSS Statistics 21 (IBM, Armonk, USA). The SEM and ESEM micrographs

were cropped and scale bars added using ImageJ (Wayne Rasband, National Institute of

Health, Bethesda, USA).
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4.1 Formation and turnover of cell envelope fragments

4.1.1 Formation of humic substances during growth and decay of bacteria in liquid

cultures

The microbial contribution to humic substances in soil was emphasized by previous studies

(Simpson et al., 2007). That is why it was hypothesized that the growth and decay of

bacteria is accompanied by the formation of humic substances. Therefore, their formation

was investigated by incubation of a mixed culture obtained from a soil extract and of pure

cultures of E. coli and B. subtilis and subsequent fractionation into operationally defined

fulvic acids, humic acids and humin.

The results of the incubation of growth medium inoculated with a soil extract are shown

in Fig. 6. After 2 weeks incubation, the TOCtotal significantly decreased from 1600± 400 to

530± 28 mg L−1. The same significant decrease was observed for the fulvic acid fraction

(1800± 300 to 450± 50 mg L−1). In contrast, the humic acid fraction and humin fraction

significantly increased three- to eightfold (11.3± 0.7 to 84± 16 mg L−1 and 17.8± 1.7 to

55± 6 mg L−1, respectively). These are 16 (humic acid) and 10 % (humin) of the amount

of TOCtotal, while the major amount of TOC was recovered in the fulvic acid fraction.

The incubation experiment was repeated with pure cultures of E. coli and samples were taken

after 2 weeks and 2 months incubation. Surprisingly, no significant decrease of TOCtotal was

observed after 2 months incubation (1630± 150 to 1450± 25 mg L−1) (Fig. 7). The TOC

of the fulvic acids significantly decreased from 1620± 60 to 1410± 28 after 2 weeks and

to 1280± 22 mg L−1 after 2 months. The TOC of the humic acids and humin significantly
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Fig. 6: Total organic carbon (TOC) of different fractions (fulvic acids (FA), humic acids (HA),
humin (H)) in medium inoculated with a soil extract before (black bars) and after 2 weeks
(grey bars) incubation. Different letters indicate significant differences between incubation
time (P < 0.05).

increased five- to 13-fold from 7.0± 2.4 to 90± 10 mg L−1 and 9.7± 0.7 to 50± 8 mg L−1 after

2 months, which are 6 and 3 % of TOCtotal, respectively.

The formation of humic-like substances during growth and decay was also analyzed with

the Gram-positive bacterium B. subtilis (Fig. 8). In contrast to the incubation with E. coli

(Fig. 7), the TOCtotal of B. subtilis pure cultures significantly decreased from 1630± 7 to

506± 12 mg L−1 after 2 months. A decrease was also observed for the fulvic acids (1660± 90

to 366± 4 mg L−1). The TOC of the humic acids and humin significantly increased four- to

tenfold from 6.0± 0.4 to 60± 30 mg L−1 and 7± 1 to 27± 1 mg L−1 after 2 months, which are

12 and 5 % of TOCtotal, respectively.

The formation of humic acids and humin during growth and decay of microorganisms was

shown for all treatments. In this experiment with pure cultures of microorganisms the op-

erationally defined fractions were clearly microbially derived. As the growth and decay
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Fig. 7: Total organic carbon (TOC) of different fractions (fulvic acids (FA), humic acids (HA),
humin (H)) in pure cultures of E. coli before (black bars), after 2 weeks (light grey bars)
and 2 months (dark grey bars) incubation. Different letters indicate significant differences
between incubation time (P < 0.05).
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Fig. 8: Total organic carbon (TOC) of different fractions (fulvic acids (FA), humic acids (HA),
humin (H)) in pure cultures of B. subtilis before (black bars), after 2 weeks (light grey bars)
and 2 months (dark grey bars) incubation. Different letters indicate significant differences
between incubation time (P < 0.05).
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also take place in soil, these processes may be also valid for soils. The humin fraction of the

present experiment consisted mainly of cells, fragmented cell envelopes or high pH precipi-

tates, because the extraction procedure may have lysed intact bacterial cells and accumulate

the broken envelopes during centrifugation. Although the amount of microbially derived

humin and humic acids was relatively low, the substances may accumulate in soil due to

repeated death and decay cycles and stabilized over a longer period, which may partially

explain the 46 % contribution of microbial biomass to the humin fraction (Simpson et al.,

2007). Therefore, no secondary synthesis, an assumption of the “humic polymer” model,

is needed to explain the formation of humic substances (Hayes and Swift, 1990) in soil.

Nevertheless, the secondary synthesis cannot be excluded based on the used experimental

design.

The formation of humic-like substances was also shown for the incubation of pure and

mixed cultures of aquatic microorganisms (Claus et al., 1999). 3 % of the initially added C

was transferred into humic acids and fulvic acids. Similar results were shown for incubation

of seawater amended with 14C-glucose, where 3 % of initially added C was transferred into

dissolved humic substances (Tranvik, 1993). The reason for the high amounts of fulvic acids

in the present study compared to other studies is presumably that polystyrene resin for the

isolation of the fulvic acid fraction was not used (Claus et al., 1999). Therefore, the fulvic

acid fraction in this study does not only comprise high-molecular material, but also low-

molecular compounds such as residual glucose, its metabolites and microbial exudates; this

may have masked the formation of macromolecular fulvic acids. However, the resin has no

influence on humic acids and humin concentrations; their formation thus has been shown

clearly in this experiment. Previous studies focused on aquatic systems and microorganisms.

The formation of humic substances during incubation of soil microorganisms in a growth

medium with soil extract was demonstrated here for the first time.
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Fig. 9: Different fractions of humic substance extraction: culture inoculated with soil extract
before (a) and after (b) incubation; soil extract inoculum (c); fulvic acids (d), humic acids (e)
and humin (f). Culture inoculated with E. coli after incubation (g), and humic acids (h) and
culture inoculated with B. subtilis after incubation (i) and humic acids (j).

In addition to the TOC concentrations, color and turbidity of the fractions were analyzed

(Fig. 9). The color of the medium inoculated with soil extract turned from dark yellow to

brown, which was similar to the used soil extract (Fig. 9a–c). The humic acids and humin

were also brown, while the fulvic acids showed no color (Fig. 9d–f). The fulvic acid fractions

of E. coli and B. subtilis were also clear (pictures not shown). In contrast, the humic acid and

humin fractions were turbid (Fig. 9h, j). The pure culture of B. subtilis after incubation had a

yellow-brownish color, while E. coli was whitish (Fig. 9g, i).

The change in color from light to dark after incubation was also reported for the incubation

of growth medium inoculated with a population of groundwater microorganisms (Claus

et al., 1999). One possible reason is dark colored fungal melanin, which was shown to be

synthesized by various fungi in vitro (Paim et al., 1990). According to Sollins et al. (1996)

the melanin may be incorporated into fungal cell walls or released during growth and decay.
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According to their solubility, the melanin may therefore contribute to the TOC within the

humic acid and humin fractions. However, the melanin can not contribute to the fulvic

acids, humic acids and humin of the bacterial pure cultures. In these samples, the observed

humic substances and the brown color have to be derived from bacteria.

The chemical structure of the fractions was not characterized further. Fourier transform in-

frared spectroscopy or nuclear magnetic resonance spectroscopy may be suitable techniques,

which were used for the characterization of humic substances in previous studies (Claus

et al., 1999; Simpson et al., 2007).

In summary, the results of the incubation experiment confirmed the hypothesis, that growth

and decay of microorganisms is accompanied by formation of humic substances. By the

accumulation of the substances over a long period, this process may be relevant in soils and

therefore be responsible for the observed microbial contribution to humic substances.

4.1.2 Formation of cell envelope fragments during growth and decay of pure

cultures of bacteria

According to several studies, the decay of microorganisms in soil is accompanied by the

formation of cell envelope fragments, which contribute to SOM formation (Miltner et al.,

2012; Schurig et al., 2013; Schütze et al., 2013). As the decay and fragmentation is difficult

to directly observe in natural soils, a decrease in complexity may be helpful to study these

processes more detailed. Therefore, it was hypothesized, that growth and decay of microor-

ganisms in pure cultures is also accompanied by the formation of those fragments. Thus,

the aim of the present study was to track and visualize their formation by SEM. For that

reason, different experiments with pure cultures of E. coli and P. putida were performed. The

experiments were conducted in liquid cultures, in quartz-bacteria mixtures and on PDL
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Fig. 10: Scanning electron micrographs of cell envelope fragments of (a) E. coli and (b)
P. putida attached to medium-grained quartz surfaces.

coated glass slides to elucidate the impact of different soil phases and incubation conditions

on the decay of bacteria and the formation of envelope fragments.

The fragmented cell envelopes of ultrasonically disrupted cells of E. coli and P. putida at-

tached to MQ were first visualized as a reference sample for fragments to compare the

artificially produced fragments with naturally formed fragments of the subsequent experi-

ments (Fig. 10). Fragmented cell envelopes of E. coli and P. putida were either circular or

filamentous (Fig. 10a, b). Some aggregation of biogenic material was observable. There were

no differences between the microorganisms regarding the shape of the fragments. Rarely

intact cells were observable indicating that the ultrasonic disruption method used was suit-

able. The shape of the fragmented cells was different from the one reported in previous

studies, where fragments were more round, flat and patchy (Miltner et al., 2012; Schurig

et al., 2013; Schütze et al., 2013). This may due to the used ultrasonic disruption or differ-

ences in the preparation for SEM. The high abundance of fragments on the mineral surface

indicates that the attachment of fragments is stable during the numerous preparation steps

including fixation, dehydration and critical point drying.
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Since it was possible to visualize cell envelope fragments, their formation during growth

and decay of bacteria was studied in incubation experiments with pure cultures of E. coli

and P. putida. Samples from liquid cultures were taken at different time steps, transferred to

PDL slides and analyzed by SEM (Fig. 11). For both bacterial strains, no fragmentation over

times was observable. Cells of P. putida were intact after 16 d incubation, while the envelope

of E. coli cells was shriveled, which may be due to starting decay or be an artifact due to

insufficient fixation or dehydration during sample preparation (Fig. 11e, f). However, the

shriveling of cells became more severe during incubation and is therefore at least partly a cell

decay. In contrast to these observations, the formation of fragmented cell envelopes during

growth of E. coli in liquid pure cultures was shown before (Miltner et al., 2012). Reasons

for the absence of fragments may be losses during sample preparation, e.g., the use of PDL

slides causing adverse electrostatic interactions or during dehydration by the graded EtOH

series. For the formation of fragments in soil, biotic factors, e.g., phages, micropredators or

degradation by extracellular enzymes, may be important (Lueders et al., 2006; Burns et al.,

2013).

The described incubation experiments were repeated with E. coli (Fig. 12). In contrast, no

PDL slides were used to exclude losses of fragments due to adverse electrostatic interactions.

However, the absence of PDL slides did not increase the accumulation of cell envelope

fragments over time. After 6 d incubation, the cells were mainly shriveled, while further

incubation increased the amount of broken and damaged cells (Fig. 12b, c). Nevertheless,

the formation of cell envelope fragments was not observable. Reasons for that may be losses

during sample preparation, e.g., during dehydration by the graded EtOH series or during

critical-point drying. Furthermore, SEM only allows imaging the surfaces of cell aggregates

and fragments may be hidden within aggregation of cells.
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Fig. 11: Scanning electron micrographs of E. coli at the (a) beginning and after (c) 1 d and (e)
16 d incubation and P. putida at the (a) beginning and after (d) 1 d and (f) 16 d incubation in
liquid pure cultures. Cells are attached to Poly-D-lysine coated glass slides.
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Fig. 12: Scanning electron micrographs of E. coli at the (a) beginning and after (b) 6 d and (c)
13 d incubation in liquid pure cultures.

The mineral phase may be a further crucial aspect for the accumulation of cell envelope

fragments. Therefore, the formation of them during growth and decay of bacteria was

also tested after addition of a mineral phase (MQ) to the pure cultures and subsequent

incubation. Furthermore, the attachment of cells and fragments to mineral surfaces was

analyzed (Fig. 13). After 35 d incubation, the amount of bacterial cells attached to the quartz

surface was very low (Fig. 13e, f). The fragmentation of cells was observed after 35 d (Fig. 13;

black circles). The surface of MQ without intact cells and fragments was smooth with some

isolated small pieces of quartz (Fig. 13g, h). The low coverage of mineral surface with

bacteria may be due to the low concentration of divalent cations, like Ca2+ or Mg2+ in

the growth medium or the low cation exchange capacity of quartz, which were shown
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to be important for bacterial adhesion on soil particles (McEldowney and Fletcher, 1986;

Huysman and Verstraete, 1993). This may also have an influence on the adhesion of cell

envelope fragments in soil.

For analyzing the impact of divalent cation on bacterial and fragments adhesion, the same

experiment setup was repeated with E. coli grown in an Mg2+ and Ca2+ enriched medium

(Fig. 14). After 5 and 12 d incubation, the number of cells attached to mineral surface was

higher compared to cells growing in a Mg2+ and Ca2+ poor medium (compare Fig. 13,

Fig. 14). Furthermore, cell envelope fragments were attached to intact cells of E. coli (Fig. 14b;

black circles). Therefore, the higher concentration of divalent cations resulted in an increased

cell adhesion, cell envelope fragment formation and their attachment, which may also be an

important process for natural soils.

The decay and formation of fragmented cell envelopes from surface-attached bacteria under

no-growth conditions was studied with P. putida attached to PDL slides (Fig. 15). After

growth in liquid culture, cells were transferred to the slides and incubated at room tempe-

ratures. Cells of P. putida became more and more damaged over time (Fig. 15a–d). Fibrous

networks of EPS were observable after 16 d (Fig. 15c, d). Fragmented cell wall envelopes

as known from previous experiments were mainly bound to those networks (Fig. 15e, f,

h; black circles). Therefore, the visualization of the formation of fragments was possible

by using PDL slides and attached bacterial cells. After 35 and 98 d, porous and damaged

cells rather than intact ones were dominant. The fibrous EPS formation and aggregation of

fragmented structures was also observed for Rhodococcus opacus subjected to slow air-drying

(Alvarez et al., 2004). Similar results were found for Pseudomonas sp. cultures growing on

quartz sand after desiccation (Roberson and Firestone, 1992; Roberson et al., 1993). As

the cells were not incubated in a closed system, the observed EPS-like networks and cell

fragmentation may be attributed to the air-drying.
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Fig. 13: Scanning electron micrographs of E. coli after (a) 4.5 h, (c) 24 h and (e) 35 d and
P. putida after (b) 4.5 h, (d) 24 h and (f) 35 d incubation in liquid pure cultures. Cells are
attached to added medium-grained quartz surfaces (MQ). Micrographs (g, h) is MQ without
attached biomass after 35 d incubation. Black circles indicate cell envelope fragments.
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Fig. 14: Scanning electron micrographs of E. coli after (a) 5 d and (b) 12 d incubation in liquid
pure cultures supplemented with additional Mg2+ and Ca2+. Cells are attached to added
medium-grained quartz surfaces. Black circles indicate cell envelope fragments.

As already mentioned, the mineral phase may play an important role in accumulation of cell

envelope fragments. Therefore, the decay and formation of fragmented cell envelopes under

no-growth conditions was also studied with E. coli and P. putida attached to MQ (Fig. 16).

After growth in liquid culture, cells were homogeneously distributed on MQ surface and

incubated at 30 ◦C. Cells of E. coli were still intact after 50 d incubation (Fig. 16c). In contrast,

P. putida cells were damaged and aggregation of biomaterial, which may consist of cell

envelope fragments, was observable (Fig. 16d).

In summary, the decay of cells was observable in pure cultures and the formation of cell

envelope fragments was visualized on PDL coated slides or if an additional mineral phase

was present confirming the initial hypothesis, that the death and decay of microorganisms

is accompanied by the formation of cell fragments. Assuming that the growth, decay and

formation of envelope fragments are general processes, they may be also valid for soils.

Although the amount of fragments was low, they may accumulate in soil due to repeated

death and decay cycles. Medium-grained sand was exclusively used as an additional min-

eral phase and therefore, the impact of clay minerals needs to be elucidated in further experi-

ments. In the treatments where the fragmentation could not be shown, there had to be losses
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Fig. 15: Scanning electron micrographs of P. putida at the (a, b) beginning and after (c, d)
16 d, (e, f) 35 d and (g, h) 98 d incubation on Poly-D-lysine coated glass slides. Black circles
indicate cell envelope fragments.
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Fig. 16: Scanning electron micrographs of E. coli at the (a) beginning and after (c) 50 d,
and P. putida at the (b) beginning and after (d) 50 d incubation on medium-grained quartz
surfaces.

during preparation, i.e., centrifugation and dehydration. Furthermore, the fragments may

be hidden in cell aggregates, which prevented its visualization. Unfortunately, the observed

fragments had a different more globular shape than the fragments observed as known from

other studies (Miltner et al., 2012; Schurig et al., 2013; Schütze et al., 2013), which may

due to differences in preparation. Furthermore, the importance of divalent cations for the

attachment of cells and envelope fragments to mineral surfaces was also shown.
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4.1.3 Formation and stability of cell envelope fragments in artificial soils

In a next step, the formation of cell envelope fragments was studied in more complex test

systems. As the accumulation was shown in the presence of minerals and divalent cations,

these factors seem to be important for a test systems suitable for the visualization of the

fragmentation process. Artificial soil were chosen for the next experiments to meet these

conditions and to mimic natural soil conditions more closely. As microbial residues may

originate from different types of microorganisms, the experiments were conducted with

Gram-negative and Gram-positive bacteria as well as with actinomycetes, which are Gram-

positive bacteria, but tend to form hyphal structures like fungi. The bacterial cells and the

envelope fragments were visualized by means of SEM. Furthermore, tFA and PLFA were

analyzed as proxies for living and dead biomass. Two different artificial soils were used

for the incubation studies and the test systems were incubated for 32 weeks under aerobic

conditions.

At the beginning and after 8 weeks incubation no microbial cells were observed for the

control using AS1 without biomass amendment (Fig. 17). A patchy layer was observable on

mineral surface, which may be organic or inorganic, while differences between before and

after incubation were not observable. The missing intact cells and dead biomass correspond

with the low amounts of PLFA. The concentration of PLFA was only 9± 3 at the beginning

and 1.6± 0.6 nmol g−1 soil after 32 weeks incubation (Tab. 7, page 60). The major PLFA were

16:0 and 18:0, ubiquitous FA for prokaryotes and eukaryotes, and may originate from the

added soil extract (Zelles, 1997). Therefore, no formation of a microbial community was

detected which is caused by the limitation in C and nutrients.

P. putida was chosen as a representative Gram-negative bacterium. The incubation was

performed with intact cells and corresponding cell envelope fragments in AS1. At the begin-

ning of incubation, intact cells of P. putida were visible, which was not the case after 8 weeks
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Fig. 17: Scanning electron micrographs of artificial soil 1 (AS1) without biomass addition at
the beginning and after (c) 8 weeks incubation.

(Fig. 18a, c) indicating a rapid decay of the cells. In contrast, it was not possible to identify

cell envelope fragments due to heterogeneous surfaces (Fig. 18b, d). Assuming a shape and

size of the fragments as shown in Fig. 10 (page 39), the determination between fragments

and abiotic structures is not possible by SEM. The PLFA concentration of the intact cells

decreased from 270± 40 to 43.9± 2.2 nmol g−1 soil after 32 weeks incubation, whereas the

amount of tFA initially remained stable (270± 60 to 150± 28 nmol g−1) (Tab. 7). Lower con-

centrations were determined for the cell envelope fragments, but the relative decrease was

nearly the same (PLFA: 231± 25 to 25± 18, tFA: 272± 6 to 108± 13 nmol g−1). Assuming

that PLFA are exclusively stable in living cells and non-existent in storage products or dead

cells, a decrease in the amount of PLFA is a proxy for the death and decay of the bacterial

cells (Zelles, 1997). The higher stability of tFA compared to PLFA is an evidence for the

accumulation of less degradable cell envelope fragments, which contain neutral lipids or

glycolipids rather than phospholipids. The same observations where made for the fate of

the Gram-negative bacteria E. coli in soil bioreactors, where the amount of PLFA decreased

to 25–35 % of the initial value after 224 d incubation (Kindler et al., 2006), while they de-

creased to about 16 % in the present study. The PLFA composition of intact cells and cell

envelope fragments only changed slightly after incubation and the differences between
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Fig. 18: Scanning electron micrographs of intact cells of P. putida at the (a) beginning and
after (c) 8 weeks, and cell envelope fragments at the (b) beginning and after (d) 8 weeks
incubation in artificial soil 1 (AS1). White circles indicate intact cells.

them were negligible (Fig. 19). The majority of detected PLFA were straight-chain (16:0,

18:0), cyclopropyl (cy17:0, cy19:0), monounsaturated (16:1, 18:1) and hydroxy FA (OH-18),

which are characteristical for Gram-negative bacteria (Zelles, 1997). The high abundance

of cyclopropyl FA, which are stress and starvation markers, may explain the decay of the

bacterial cells caused by substrate limitation (Guckert et al., 1986). During incubation, the

microbial community became more diverse, which was shown by the increase in branched-

chain FA (a-15:0, i-15:0, i-16:0), typical biomarkers for Gram-positive bacteria (Zelles, 1997).

These bacteria may originate from the added soil extract growing on P. putida. The higher

diversity is therefore related to the death and decay of the initially added P. putida and to
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the formation of cell envelope fragments by different mechanisms, e.g., micro-predation

(Lueders et al., 2006).

The incubation studies were also conducted with B. subtilis as a representative for the Gram-

positive bacteria. It was not possible to observe intact cells even directly after blending

(Fig. 20a). This may be due to the high SSA of AS1 (52 m2 g−1) resulting in a low coverage

of the surfaces by cells or to losses during preparation of the samples for SEM analysis,

i.e., dehydration and centrifugation. Like in the study with P. putida, it was not possible to

visualize cell envelope fragments due to the heterogeneous mineral surfaces (Fig. 20b).

Like in the incubation studies with P. putida, a decrease in the amount of PLFA was also

found for B. subilis (Tab. 7). After 32 weeks incubation, about 38 % of the initial PLFA amount

was detected for the intact cells (42± 13 to 16± 5 nmol g−1) and cell fragments (13± 3 to

5± 2 nmol g−1 soil). Cells and envelope fragments of B. subtilis were thus more stable over

time than P. putida cells and fragments, which may be related to the formation of spores and

the different structure of the cell wall of Gram-positive bacteria. The PLFA composition only

changed to a minor extent during 32 weeks incubation for both intact cells and cell envelope

fragments (Fig. 21), while differences between both treatments were detectable. For the

intact cells, branched-chain FA (i-15:0, a-15:0, i-17:0, a-17:0) were the dominant PLFA, while

the major PLFA for the cell envelope fragments were the straight-chain FA 16:0 and 18:0.

For intact cells and fragments, the PLFA composition became more diverse with incubation,

indicating a formation of a diverse microbial community (i.e., increase in mono-saturated

FA), similar to what was observed for P. putida.

Since it was not possible to detect intact cells and envelope fragments in the first experi-

ments with B. subtilis, the experiment was repeated with higher cell numbers (1010 instead

of 2.5× 109 cells g−1 soil) and a different artificial soil (AS2, which is characterized by a
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Fig. 19: Relative percentages of different phospholipid fatty acids (PLFA) in incubation
studies with (a) intact cells and (b) cell envelope fragments of P. putida before (black bars)
and after (grey bars) 32 weeks incubation in artificial soil 1 (AS1).
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Fig. 20: Scanning electron micrographs of (a) intact cells of B. subtilis and (b) cell envelope
fragments at incubation start in artificial soil 1 (AS1).

lower SSA than AS1 (SSA of AS1: 52 m2 g−1, SSA of AS2: 0.9 m2 g−1). Intact cells were ob-

servable directly after blending (Fig. 22a; white circle) but they rapidly disappeared after

8 weeks incubation (Fig. 22c) indicating a death and decay of the cells. However, also in this

experiment the visualization of the cell envelope fragments was not possible due to the het-

erogeneous mineral surfaces. Patchy and flat structures were observable but the distinction

between organic and inorganic was not possible by using SEM (Fig. 22b, d).

The PLFA and tFA concentrations decreased over time for intact cells (PLFA: 171± 23 to

9± 5, tFA: 473.1± 2.5 to 49± 11 nmol g−1 soil) and fragments (PLFA: 70± 60 to 7± 7, tFA:

149± 6 to 44± 6 nmol g−1) (Tab. 7). Therefore, next to the studies in AS1, the death and

decay of the initially added bacterial biomass was performed in AS2. However, the decrease

was more distinctive, because only 9–13 % of the initial PLFA concentrations were detected

after 32 weeks incubation. The different texture of the artificial soil may cause less protec-

tion of microbial residues by mineral surfaces and be a reason for a more rapid turnover

(Gregorich et al., 1991). The changes in PLFA composition were also different (Fig. 23). The

percentage of the Gram-positive marker FA (branched chain: i-15:0, a-15:0, i-17:0, a-17:0)

decreased to a large extent, while saturated straight-chain FA (16:0, 18:0), cyclopropyl FA

(cy17:0, cy19:0) and mono-unsaturated FA (16:1w9, 18:1w7) increased.
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Fig. 21: Relative percentages of different phospholipid fatty acids (PLFA) in incubation
studies with (a) intact cells and (b) cell envelope fragments of B. subtilis before (black bars)
and after (grey bars) 32 weeks incubation in artificial soil 1 (AS1).
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c 
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d 

BS_AS2 

Fig. 22: Scanning electron micrographs of intact cells of B. subtilis at the (a) beginning and
after (c) 8 weeks, and cell envelope fragments at the (b) beginning and after (d) 8 weeks
incubation in artificial soil 2 (AS2). White circles indicate intact cells.

Cells and envelope fragments of S. mirabilis, an actinomycete, were observable during in-

cubation although the cell number was lower compared to the studies with P. putida and

B. subtilis (Fig. 24). The hyphal structures, which are considerably larger preventing the cells

from dissipation and destruction during the mixing process, were responsible for these ob-

servations. These structures were smaller for the cell fragments than for the intact cells. The

envelopes were already disintegrated into flaky and porous structures at 0 d, but their visual

nature was preserved during incubation. After 32 weeks, the filamentous hyphal structures

of the intact cells were still observable, but they were porous, fractured and flaky compared

to the start of the incubation period. Furthermore, the hyphae were covered by small-sized

minerals possibly protecting the biomass from further degradation. The structures were
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Fig. 23: Relative percentages of different phospholipid fatty acids (PLFA) in incubation
studies with a) intact cells and b) cell envelope fragments of B. subtilis before (black bars)
and after (grey bars) 32 weeks incubation in artificial soil 2 (AS2).
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Sm_AS1 
 

a b 

c d 

Fig. 24: Scanning electron micrographs of intact cells of S. mirabilis at the (a) beginning and
after (c) 32 weeks, and cell envelope fragments at the (b) beginning and after (d) 32 weeks
incubation in artificial soil 1 (AS1). White circles indicate intact cells or cell envelope frag-
ments.

similar to the cell envelopes at incubation start. Therefore, the death and decay led to the

formation of cell envelope fragments. The remaining hyphae and envelope fragments con-

tribute therefore to SOM. The results of the present study are in accordance with previous

ones, where the death and decay of Streptomyces spp. in heavy-metal contaminated soils and

the formation of residual cell envelope fragments was also observed (Schütze et al., 2013).

The death and decay of S. mirabilis is supported by the results of the PLFA and tFA anal-

ysis. The PLFA of the intact cell treatment decreased from 69± 5 to 6.6± 2.9 and of the

cell fragment treatment from 43± 9 to 6.4± 0.4 nmol g−1 soil after 32 weeks incubation cor-

responding to 10 and 15 % of the initial value, respectively (Tab. 7). The tFA concentrations
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were higher than the PLFA even for the initial samples (intact cells: 850± 70 to 107.1± 2.9,

cell envelope fragments: 198± 23 to 45± 4 nmol g−1 soil), but the decrease less pronounced

supporting the stabilization of the FA within the non-living SOM fraction. The composi-

tion of the PLFA for intact cells and cell envelope fragments was similar (Fig. 25). At the

beginning, the a-15:0 and a-17:0 FA, which are indicators for Gram-positive bacteria like

Streptomyces sp., accounted for nearly 60 % of the PLFA. Their abundance decreased during

incubation, while the amount of 18:0 and several monounsaturated FA, e.g., br 17:1, 18:1w9

and 18:1w7 increased indicating the decay of the initially added S. mirabilis and growth of

other species of bacteria.

In the present experiments, the degradation and the formation of cell envelope fragments

of different types of microorganisms was analyzed. While the decrease in PLFA and tFA

concentration was shown for all organisms, the visualization of the decay by means of SEM

was only possible for S. mirabilis. The PLFA composition of the treatments with intact cells

and fragments were similar and specific for the added bacterial strain. During incubation,

the PLFA composition became more diverse indicating the development of a microbial

community.

The use of 13C-labeled bacteria as described by Kindler et al. (2006) with subsequent analysis

by means of nano-scale secondary ion mass spectrometry (NanoSIMS) (Vogel et al., 2014)

may be helpful to detect cell envelope fragments and elucidate their spatial organization

on mineral surfaces. Less complex systems, e.g., without clay minerals, would reduce the

heterogeneity and the SSA of the artificial soils and thus make visualization of the cell

envelope fragments possible, but would also decrease the adaptability of the results to

natural soils.
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Fig. 25: Relative percentages of different phospholipid fatty acids (PLFA) in incubation
studies with (a) intact cells and (b) cell envelope fragments of S. mirabilis before (black bars)
and after (grey bars) 32 weeks incubation in artificial soil 1 (AS1).
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Tab. 7: Concentrations of phospholipid fatty acids (PLFA) and total fatty acids (tFA) of the incubation studies with artificial
soils after different times of incubation (n/a: not applicable).

Organism Control Pseudomonas putida Bacillus subtilis B. subtilis Streptomyces mirabilis

Artificial soil AS1 AS1 AS1 AS2 AS1

PLFA tFA PLFA tFA PLFA tFA PLFA tFA PLFA tFA

[nmol g−1 soil (dry weight)]

Intact cells

Week 0 9± 4 2.3± 0.7 270± 40 270± 60 42± 13 226± 14 171± 23 473.1± 2.5 69± 5 850± 70

Week 8 5.2± 0.7 2.6± 0.2 106± 21 230± 40 34.8± 2.5 117± 13 63± 18 230± 70 31± 7 174± 26

Week 16 1.9± 0.3 3.7± 0.2 75± 4 124± 27 21± 4 70± 9 14.9± 1.1 97± 28 13.8± 0.8 137± 8

Week 32 1.6± 0.6 3.1± 0.6 43.9± 2.2 150± 28 16± 5 38.7± 2.3 9± 5 49± 11 6.6± 2.9 107.1± 2.9

Cell fragments

Week 0 n/a n/a 231± 25 272± 6 13± 3 50± 8 70± 60 149± 6 43± 9 198± 23

Week 8 n/a n/a 79± 14 230± 11 12.8± 0.5 47± 8 15± 7 37± 6 17.6± 2.9 109± 2

Week 16 n/a n/a 55± 10 89.5± 0.8 9.30± 2.14 32± 5 4.5± 0.9 43± 5 9± 4 61± 4

Week 32 n/a n/a 25± 18 108± 13 5± 2 14.6± 1.6 7± 7 44± 6 6.4± 0.4 45± 4
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4.1.4 Turnover of intact bacterial cells and their fragments in closed natural soil

systems

As the results of the previous experiments gave no information about the turnover and

recalcitrance of cell envelope fragments, these aspects were further investigated. It was

hypothesized that the turnover of fragmented cell envelopes is slower than those of intact

bacterial cells, which may contribute to their accumulation. In order to test this, incubation

studies with 14C-labeled E. coli cells and corresponding cell envelope fragments were per-

formed in natural soil to increase the degree of complexity once again. Various conditions

were applied to investigate the effect of redox conditions, water content and additional C,

N and P containing substrate on the turnover of cells and fragments.

36.4± 1.2 % of the initially added labeled intact E. coli cells were mineralized after 101 d

incubation under aerobic conditions (Fig. 26a). In comparison, the mineralization of labeled

cell envelope fragments was less (29.1± 0.5 %), which indicates greater stability for the

fragments. Further incubation and additional added C, N, and P containing substrate did

not change the difference between the treatments (mineralization intact cells: 50.6± 1.5 %,

mineralization cell envelope fragments: 43.9± 0.7 %). The addition of fresh nutrients and

substrate thus led to a further increase in mineralization for both intact cells and cell wall

fragments. The recovery ranged from 90 to 110 % (for residual activities and recoveries see

Appendix Tab. 8, page 92).

The incubation was also performed under O2 depleted conditions with subsequent water

saturation. Therefore, the systems were incubated under a N2 atmosphere and saturated

with degassed demineralized water after 101 d incubation. 39.5± 2.4 % of the initially la-

beled intact cells were recovered as 14CO2 after 101 d incubation (Fig. 26b). In contrast, the

extent of mineralization of the cell fragments was just 27.1± 1.0 From 101 d, the incubation

systems were water saturated. This increased the mineralization of the cell fragments to
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a large extent, while the nutrient addition had no effect. Therefore, at the end of the in-

cubation after 346 d, the difference between cell fragments and intact cells was negligible

(mineralization intact cells: 59.00± 0.36 %, mineralization cell fragments: 58.00± 0.63 %).

At this time, the redox potential varied between −60 and −30 mV and the pH between 7.6

and 7.8. The recovery was between 90 and 110 % (Appendix Tab. 8).

Under the conditions studied, the cell envelope fragments had lower decomposition rates

than intact cells. This may promote their accumulation in soil. Reasons for the reduced

mineralization of the cell envelope fragments may be their structural flexibility and many

different functional groups present in biomolecules such as proteins, or the smaller size

of the fragments compared to intact cells, which may allow a better contact to mineral

surfaces.

Kindler et al. (2006) found 65 % mineralization of 13C-labeled E. coli cells after 224 d in-

cubation in closed, aerated soil reactors. In earlier studies, the mineralization of various

prokaryotic cells varied between 43 and 50 % after 56 d (Marumoto et al., 1982). After 130 d,

mineralization of a mixture of soil bacteria was 54 %, independent of the added bacterial 14C

input (van Veen et al., 1987). Therefore, the mineralization rates of previous studies were

higher compared to this study, which is presumably due to the specific experimental condi-

tions, in particular the usage of lyophilized cell material enabling a much faster microbial

metabolisation, other soil types and the continuous aeration. Regarding the degradation of

cell envelope fragments in soil systems, a previous study found that the mineralization was

60 % for Saccharomyces cerevisiae fragments after 6 weeks (Marumoto et al., 1977). For the

degradation of microbial cell walls in a semi-arid grassland soil under various soil water con-

tents, mineralization between 12 and 78 % after 7 d was observed (Nakas and Klein, 1979).

In contrast to the results of this study, Cortez (1989) observed only negligible differences

between the mineralization of cell envelope fragments (60 %) and intact cells (59 %) after
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Fig. 26: Cumulative mineralization of intact 14C-labeled E. coli cells (black circles) and cell
envelope fragments (white circles) in soil incubation studies under (a) oxic and (b) O2
depleted conditions. Arrows indicate time of nutrient and substrate addition (C, N, P) and
the dotted areas water saturation.
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211 d including two soil drying and rewetting cycles. The use of freeze-dried materials in

previous experiments, which enable a faster turnover of cell envelope fragments and intact

cells and the changes in the water regime, which were also revealed as an important factor

in this study, may be explanations for the observed discrepancies.

In summary, cell envelope fragments were turned over more slowly than intact cells, which

may promote their accumulation in soil. While a lower O2 content had no clear effect, the

water-logging increased the mineralization of the cell fragments to a large extent indicating

that shrinking and swelling of cell envelopes may cause this effect.
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4.2 Stabilization of microbial residues in soil

The results of the previous section have shown that the turnover of cell envelope fragments

in soil was slower than those of intact bacterial cells, which may promote their accumulation.

However, additional stabilization mechanisms may prevent biomass from degradation in

soil. As already mentioned, the occlusion and incrustation due to co-precipitation can be

considered as an additional stabilization mechanism and therefore, the protective effect was

tested with 14C-labeled biomass co-precipitated with Al and Fe oxyhydroxides. Because

the redox potential is an important factor for Fe mobilization and precipitation and so for

SOM stabilization and persistence, which also affects the co-precipitated organo-mineral

associations (Schmidt et al., 2011), the samples were incubated under various levels of

oxygen and water content. It was hypothesized, that the change in redox conditions may

promote the dissolution of redox-sensitive organo-Fe oxyhydroxide associations leading to

an enhanced mineralization.

The occlusion of cells and corresponding fragments with Fe oxyhydroxides caused a consid-

erable decrease in mineralization rate vs. the control without the co-precipitates. After 98 d

incubation, only 8.9± 0.4 % of the 14C was mineralized for the intact cells and 6.0± 0.3 %

for the cell fragments (Fig. 27a) under aerobic conditions. The mineralization was therefore

four to five times lower than the control without the co-precipitates (Fig 26, page 63). Fur-

ther incubation increased the mineralization up to 18.5± 0.6 % (intact cells) and 12.6± 0.7 %

(cell envelope fragments) after 343 d incubation. The addition of nutrients had only a minor

impact. The occlusion with Al oxyhydroxides also caused a decrease in degradation. Af-

ter 101 d, the mineralization of cell fragments and intact cells were nearly the same (about

13 %) (Fig. 27b) and thereby three times lower compared to the control. Further incubation

increased the mineralization to 23 % after 346 d; at this time it was therefore higher than in
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Fig. 27: Cumulative mineralization of intact 14C-labeled E. coli cells (black circles) and cell
envelope fragments (white circles) with (a) co-precipitation with Fe oxyhydroxide or (b)
co-precipitation with Al oxyhydroxide, in soil incubation studies under aerobic conditions.
Arrows indicate additional nutrient and substrate addition (C, N, P).

the Fe oxyhydroxides treatments. For all oxic incubation studies, the recovery ranged from

90 to 110 % (for residual activities and recoveries, see Appendix Tab. 8, page 92).

The incubations were also performed under O2 depleted conditions with subsequent water

saturation. Occlusion with Fe oxyhydroxides protected both the intact cells (mineralization:
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8.8± 0.5 %) and the cell envelope fragments (mineralization: 6.3± 0.4 %) to a large extent

from degradation. The subsequent water saturation and further incubation had only a minor

impact. In contrast to the oxic treatments, the addition of C and nutrients caused a drastic

increase in mineralization extent (Fig. 28a). The mineralization increased to 36.7± 1.3 % for

the intact cells and 28.2± 3.3 % for the cell fragments. The final redox potential of the test

systems was −90 mV and the final pH between 8.2 and 8.4.

The occlusion with Al oxyhydroxides had a less pronounced stabilizing effect than the Fe

treatment. After 101 d, the mineralization of the intact cells treatments was 18.3± 0.8 %,

while that of the cell envelope fragments was 14.1± 0.8 % (Fig. 28b). The subsequent wa-

ter saturation had no clear effect on the mineralization, while there was a positive effect

of the substrate and nutrient addition, increasing the mineralization of the intact cells to

32.8± 1.3 % and of the cell fragments to 29.2± 1.6 %. The redox potential was between −50

and −60 mV and the pH ranged from 8.2 to 8.5. For all treatments, the recoveries were

between 80 and 110 % (see Appendix Tab. 8).

The results of the experiments confirmed the hypotheses that the occlusion and incrustation

of microbial cell envelope fragments and intact bacterial cells by co-precipitation with Al and

Fe oxyhydroxides has a protective effect against degradation. While the reduced oxygen

contents had no clear effect, water saturation as well as nutrient and substrate addition

accompanied by decreasing redox potentials increased the mineralization, in particular of

samples with redox-sensitive Fe occlusions, emphasizing the importance of dissolution of

Fe minerals as an important destabilization mechanism (Sollins et al., 1996). The occlusion

with Al and Fe oxyhydroxides is therefore an effective stabilization mechanism for biomass

residues and may be important for SOM stabilization in general. The protection against

microbial attack afforded by the occlusion of organic matter into mineral aggregates may

be the underlying mechanism, because it results in the inaccessibility of the material to
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Fig. 28: Cumulative mineralization of intact 14C-labeled E. coli cells (black circles) and cell
envelope fragments (white circles) with (a) co-precipitation with Fe oxyhydroxide or (b) co-
precipitation with Al oxyhydroxide, in soil incubation studies under O2 depleted conditions.
Arrows indicate time of nutrient and substrate addition (C, N, P) and the dotted areas water
saturation.
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hydrolyzing enzymes such as proteases (Eusterhues et al., 2014). The release of CO2 after

nutrient and substrate additions was pronounced in the water saturated systems with redox-

sensitive Fe co-precipitates most. This was presumably due to the lowered redox potential

resulting from microbial substrate consumption activity. An alternative explanation is the

desorption of DOM from Al and Fe oxyhydroxide surfaces after the addition of phosphate in

the buffer as shown in sorption experiments (Kaiser and Zech, 1997). However, the release

of CO2 would also be observable for the redox-insensitive Al oxyhydroxide treatment and

under aerobic conditions, if competitive sorption were the main destabilization mechanism.

Therefore, the reductive dissolution of the Fe oxyhydroxides plays an important role in

destabilizing the cell envelopes in the Fe co-precipitates. The stabilizing effect on OM via

co-precipitation has been shown by various authors, but mainly with the focus on DOM or

EPS without the specific macromolecular aggregation of cell components. Scheel et al. (2007)

showed that the precipitation of DOM with Al protected the organic matter significantly

against microbial attack after 7 weeks. The same stabilizing effect was also observed for the

degradation of EPS-Al precipitates in soil (Mikutta et al., 2011), although cell lysates rather

than EPS in a microbiological definition were used. The stabilizing effect of the interaction

of bulk OM such as leaf litter polysaccharides with Al hydroxide has already been shown

by Miltner and Zech (1998), but it was mainly attributed to the adsorption of OM to mineral

surfaces. In a recent study, the co-precipitation of a forest floor extract with FH stabilized the

OM against degradation with fivefold lower metabolisation compared to the control after

68 d (Eusterhues et al., 2014). The biodegradation of lignin was completely prevented by this

co-precipitation. At this point it must be stated that, in contrast to the present study, most

of the previous incubation studies were performed in aqueous, DOM containing systems

(Scheel et al., 2007; Mikutta et al., 2011; Eusterhues et al., 2014). The protection of intact cells

and cell envelope fragments by occlusion with Al and Fe in particular due to co-precipitation

presented here suggesting the relevance of this process in natural soils.
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There is a general consensus that the protection of OM by sorptive interaction to mineral

surfaces is the main mechanism explaining the stabilizing effect of organo-mineral inter-

actions (Kögel-Knabner et al., 2008). The particular process of co-precipitation may occur

mainly in temporarily flooded or groundwater affected soil, where changes in redox con-

ditions, causing precipitation of Fe oxyhydroxides, take place. However, co-precipitation

is assumed to occur in many sediments and soils (Eusterhues et al., 2014). Even in aerobic

soil, changes in water content will result in filling or draining of pores. This can create

anaerobic microsites, e.g., in the interior of aggregates (Pallud et al., 2010), and thus cause

destabilization of redox-sensitive aggregates at these microsites.

A rather artificial experimental setup was chosen in order to study the effect of isolated fac-

tors for a better process understanding. Relevant mineral phases together with cell envelope

fragments and intact bacterial cells were used, which have been shown to be a significant

source of SOM (Kindler et al., 2006; Miltner et al., 2012; Schurig et al., 2013; Schütze et al.,

2013). Although only one type of microorganism (but with the typical cell structure of

Gram-negative bacteria) and two minerals were used, the general process is valid and can

be transferred to natural systems. Therefore, the results provide new evidence that the oc-

clusion of OM by co-precipitation with oxyhydroxides may be a significant process for the

long-term stabilization at least of microbial residues in SOM.

From a mechanistic point of view, the observed stabilization must be caused by the physical

separation of the biomolecules and macromolecular aggregates from potentially degrading

enzymes such as hydrolases, proteases or xylanases. Before oxidation and precipitation, dis-

solved reduced metal ions will migrate into appropriate molecular spaces of the aggregates

of various microbial cell wall types of fungi and Gram-negative or Gram-positive bacteria,

as shown in Fig. 29 and precipitate there resulting in a strong protection against microbial

attack. Certain differences in the ratio of occlusion and incrustation can be expected in
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principle from the macromolecular structures of the various cell wall types. In addition to

cell envelope fragments, all other particulate macromolecular aggregates such as ribosomes

or fragments of the cytoskeleton can also be occluded.

For more differential understanding, the validity of the results needs to be confirmed for

other types of microorganisms, e.g., fungi or Gram-positive bacteria, and for cytosolic com-

pounds and other co-precipitates like Mn associations. Incubation experiments using 13C

and 15N-labeled cells together with analysis of PLFA, amino acids and amino sugars would

allow the fate and behavior of the protected microbial residues to be traced. Cutting-edge

visualization methods, such as NanoSIMS, may provide more information on the exact com-

position of the cell-mineral co-precipitates as well as their spatial distribution in soil, and

thereby on the stabilization mechanisms (Vogel et al., 2014).
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4.3 Impact of microbial residues on soil wettability

As shown before microbial cell envelope fragments accumulate and are stabilized in soil and

thus contribute to SOM formation. Therefore, these processes may influence physical soil

properties, like the wettability of the mineral phase. The hypothesis of the following section

was that the interactions of cell envelope fragments, intact cells with minerals and stress-

related adaptation mechanisms of bacteria change the surface wettability of the particles.

Therefore, osmotic stress-induced changes of bacterial surfaces properties and their effect

on the properties of organo-mineral associations were studied.

Fig. 30 shows representative SEM micrographs of the organo-mineral associations with

MQ as mineral component. The morphological differences between the unstressed and by

NaCl addition osmotically stressed cells were clearly visible (Fig. 30a–d). While unstressed

cells showed a smooth surface and the rod-shape of vital cells, some of the stressed cells

were flat and partly broken cell envelopes were visible. The cells were heterogeneously dis-

tributed over the quartz surface in the form of patchy microcolony-like structures. The same

observations were made with another quartz (CQ) as mineral component (see Appendix

Fig. 37, page 93). The cell fragments, however, showed a spherical and patchy shape (Fig. 30)

and were, in contrast to the intact cells, more homogeneously distributed on the mineral

surface. Generally and as expected, the surface coverage was higher with increasing cell

concentration. The wetting properties of both quartz sands (MQ and CQ) were significantly

influenced by attached bacteria (Fig. 31). Both types of quartz sand showed a negligible

CA between 0 and 11◦ without and with 108 cells g−1 mineral. With increasing number of

cells, the wettability significantly decreased until the surface was nearly hydrophobic with

a CA of about 88◦ (1010 stressed cells g−1 MQ). In general, the CA of MQ was slightly larger

than that of CQ. The CA of unstressed P. putida cells was about 42◦, while the stress signifi-

cantly increased the CA to 65◦. This significant difference was reflected in the CA of the
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a b 

e f 

d c 

Fig. 30: Scanning electron micrographs of unstressed P. putida cells (a, b), osmotically
stressed cells (c, d) and cell envelope fragments (e, f) attached to medium-grained quartz
surfaces. In micrographs a, c and e, the concentration is 108 cells g−1 and in b, d and f,
the concentration is 109 cells g−1 quartz. The smaller micrographs were taken at a higher
magnification.
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Fig. 31: Contact angle of P. putida (Bac) and medium-grained quartz (MQ) and coarse-
grained quartz (CQ)/P. putida (unstressed cells (black bars) and osmotically stressed cells
(grey bars)) - associations after 2 h drying. Different letters indicate significant differences
between cell concentrations (lower case letters apply to unstressed cells, upper case let-
ters to stressed cells) and asterisks between unstressed and stressed cells of the same cell
concentration (P < 0.05).

cell-mineral associations for 109 cells g−1 MQ (θ unstressed cells: 61◦, θ stressed cells: 86◦)

and CQ (θ unstressed cells: 53◦, θ stressed cells: 79◦). For the higher cell concentrations, the

stress effect was less pronounced.

From regression analysis, an exponential rise up to maximum could be identified for MQ

and CQ for CA as a function of the surface covered by unstressed cells (Fig. 32a, c). For the

stressed cell-mineral associations, a hyperbolic function could be fitted for MQ (Fig. 32b)

and a sigmoidal function for CQ (Fig. 32d), respectively. The fitting functions were chosen

according their fitting quality.
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Fig. 32: Contact angle of P. putida/mineral associations in relation to surface coverage with
bacteria and corresponding fittings. (a) medium-grained quartz (MQ), unstressed cells; (b)
MQ, osmotically stressed cells; (c) coarse-grained quartz (CQ), unstressed cells; (d) CQ,
osmotically stressed cells.

The difference in CA between unstressed and stressed cells was observed for cell-mineral as-

sociations with 109 cells g−1 mineral while a higher concentration (i.e., 1010 cells g−1 mineral)

did not additionally increase the effect. The increase of the CA up to a maximum indicates

that a coverage between 1 and 11 % had the most significant effect on wettability, while a

further increase of coverage only had minor additional effects. The stressed cells caused

a distinctly greater increase compared to the unstressed cells at similar surface coverage,

emphasizing a clear effect of osmotic stress on SWR (Fig. 32).

Exposure of the bacteria to osmotic stress increased their CA similar to what was observed

for P. putida DOT-T1E under osmotic stress induced by 2 M NaCl (Baumgarten et al., 2012a).



4 Results and Discussion 77

Similar observations were made by using solvents, e.g., 1-Decanol as a stressor (Neumann

et al., 2006). In contrast, silver nanoparticles and silver ions had no influence on the surface

properties of P. putida mt-2 (Hachicho et al., 2014). The findings of the present study, that bac-

teria influence the wetting properties of minerals are in accordance with reports by Deo and

Natarajan (1997, 1998), that the interaction of Bacillus polymyxa and Paenibacillus polymyxa

with quartz decreased the wettability of the surfaces. A positive correlation between CA

and surface coverage was also found for different size fractions of quartz sand treated with

stearic acid (González-Peñaloza et al., 2013). However, previous results did not show the

relevance of the physiological adaptation processes, e.g., decreased surface wettability of

bacteria, for inducing increased water repellency.

As CQ and MQ are characterized by a low SSA, the microbial impact on the wettability of

small-sized mineral particles (FQ and KA) was also analyzed (Fig. 33). The CA of pure

KA (θ: 44◦) was higher than that of FQ (θ: 15◦). The attachment of cells significantly de-

creased the wettability of FQ up to a CA of 62◦ for 1010 unstressed cells g−1 mineral. For

KA, no distinct effect could be observed. The difference between the CA of the bacte-

rial cells was not reflected in the CA of the cell-mineral associations. The attachment of

1010 unstressed cells g−1 mineral FQ led to an approximately two times higher, but not sig-

nificant, CA than the same amount of stressed cells (θ unstressed cells: 62◦, θ stressed cells:

35◦). An exponential relationship between surface coverage and CA as observed for the two

types of quartz sand (MQ, CQ) can explain the observed low impact of bacterial attachment

on the wettability of fine-grained minerals. Due to their high SSA (FQ: 1.06 m2 g−1, KA:

8.92 m2 g−1), the cell concentrations used were obviously too low for inducing an effect for

KA. FQ was only affected at high bacteria concentrations. In this context it should be noted

that the larger initial CA of KA and FQ compared to MQ and CQ presumably contributing

to masking the microbially induced changes.
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Fig. 33: Contact angle of P. putida (Bac) and fine-grained quartz (FQ) and kaolinite
(KA)/P. putida (unstressed cells (black bars) and osmotically stressed cells (grey bars)) -
associations after 2 h drying. Different letters indicate significant differences between cell
concentrations (lower case letters apply to unstressed cells, upper case letters to stressed
cells) and asterisks between unstressed and stressed cells of the same cell concentration
(P < 0.05).

Due to the only marginal differences between both quartz sands and the generally large

CA of the fine-grained minerals, MQ was selected as the mineral matrix for analyzing the

effect of cell fragments, cytosolic compounds and BSA solution on wettability. Like for the

intact cells, attachment of cell envelope fragments had no significant effect on the wettability

at low concentrations (108 cells g−1, Fig. 34). In contrast, the cytosol significantly increased

the CA even at low concentrations (θ: 39◦). At elevated concentrations, CA increased up

to 101◦ for 109 cells g−1, while higher concentrations (1010 cells g−1) caused a slight increase

for cell fragments and slightly smaller CA for cytosol (Fig. 34). The mixture of cytosol

and cell fragments induced a wettability pattern which was similar to that of cytosol with
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Fig. 34: Contact angle of P. putida cell envelope fragments (CF), cytosol (CY), mixture of
cell envelope fragments and cytosol (CF/CY) and bovine serum albumin (BSA; hatched
bar)/medium-grained quartz (MQ) - associations after 2 h drying. Different bacteria con-
centrations were used (108: black bars; 109: light grey bars; 1010 cells g−1 mineral: dark grey
bars). Different letters indicate significant differences between lowest cell concentration
of each treatment and control (MQ) and asterisks between cell concentrations of the same
treatment (P < 0.05).

a maximum CA of 96◦ at a concentration of 109 cells g−1. The addition of BSA solution

increased the CA of MQ to 76◦, which suggests that proteins in the cytosol are important

factors in determining wettability.

Cell envelope fragments and cytosol were able to strongly change the wettability of quartz.

A study by Schurig et al. (2013) in the forefield of the Damma glacier (Switzerland) re-

vealed that the coating of minerals with fragments of cell envelopes were correlated with

the wettability of the particle surface. The ability of FA, which are important constituents

of the cell fragments, to induce water repellency of acid washed sand has been described

in various studies (Graber et al., 2009; Mainwaring et al., 2013). The stability of cytosolic

substances and cell fragments of dying Streptomyces spp. was recently shown by Schütze
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et al. (2013). For that reason, the accumulation of fragments and the release of cytosol may

influence the wettability of natural soils. The BSA solution was found to induce a similar

effect as cytosol, which suggests that proteins may influence the wettability in general as

it was also described by Bialopiotrowicz and Janczuk (2001). Other types of proteins, like

glycoproteins were also found to be positively correlated with the formation of SWR (Young

et al., 2012). By using fragments and cytosol in a mixture, the cytosolic compounds could

be identified as most important for determining the wetting properties. This may be due to

a more homogenous distribution of the cytosol and a coating of cell envelope fragments by

cytosolic substances.

Condensation experiments in an ESEM were performed to characterize the bacterial impact

on the micro-scale wettability of mineral surfaces. ESEM micrographs with MQ as mineral

component are shown in Fig. 35. Samples containing 108 cells g−1 mineral, i.e., unstressed,

stressed, cell fragments and cytosol, were completely wettable, i.e., the water condensed

homogeneously on the surfaces (Fig. 35a, c, e, g), while the 109 cells g−1 samples showed

distinct formation of droplets during condensation (Fig. 35b, d, f, h). The attachment of

stressed cells led to the formation of droplets with a higher CA (θ: 85◦) compared to the

unstressed cells (θ: 66◦). For CQ, the same trends in micro-scale wettability were found (see

Appendix Fig. 38, page 94). Interaction with the cell fragments (Fig. 35f) and the cytosol

(Fig. 35h) led to the formation of droplets for 109 cells g−1 samples with CA of 69◦ and 76◦,

respectively.

Decreased wettability due to attachment of cells and cell fragments was also detected on the

micro-scale by ESEM condensation experiments. This is in accordance with the observations

of Polson et al. (2010) and Schurig et al. (2013) where bacterial and fungal attachment on

quartz changed the micro-scale wettability from hydrophilic to hydrophobic. The ESEM mi-

crographs of the hydrophobic material of the present study show a distinct drop formation
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Fig. 35: Micrographs from condensation experiments in an environmental scanning electron
microscope with unstressed P. putida cells (a, b), osmotically stressed cells (c, d), cell frag-
ments (e, f) and cytosol (g, h) as organic coatings. The mineral phase is medium-grained
quartz. In micrographs a, c, e and g, the concentration is 108 cells g−1 and in b, d, f and h, the
concentration is 109 cells g−1 mineral.
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with no direct connection between the drops. This leads to zones on the mineral surface

where water is excluded and thus may have an impact on the micro-scale water distribu-

tion (Goebel et al., 2007). Furthermore, the micro-scale water repellency and associated

variability may also have an influence on water transport (Hallett et al., 2004; Goebel et al.,

2011). For that reason, attachment of bacteria and their residues may also have important

consequences in case of the small-size fraction minerals used in these experiments, although

the changes in the macroscopic CA were negligible.

Nevertheless, in the present experiments an effect on wettability was only detected for con-

centrations of 109 cells g−1 mineral or higher which corresponds to a surface coverage of

approximately 10 %. This coverage seems not realistic for natural soils, where coverage of

soil particles with living microorganisms is on average less than one percent (Chenu and

Stotzky, 2002). However, if microbial residues are generally contributing to SOM, cell enve-

lope fragments equivalent to 109 cells g−1 would be very common. The SEM micrographs

of Miltner et al. (2012) and Schurig et al. (2013) showed a high density of microbial cell

envelope fragments on mineral surfaces and therefore the amounts of cell fragments used in

this study even seem to be underestimated compared to natural soils. In addition, soils are

highly heterogeneous with respect to the spatial distribution of microorganisms. There are

hotspots and large bacterial patches, which may affect the wettability (Nunan et al., 2002).

In soil, high densities of microorganisms are often arranged in biofilms, whose effects on

wettability were shown by Schaumann et al. (2007). The matrix of the biofilms consists

of EPS, into which microorganisms are embedded (Wingender et al., 1999). Biofilms are

often found in water saturated systems and in soil systems when complex substrates have

been provided in high amounts supporting exponential growth of bacteria. The EPS of such

biofilms are typically forming spider-web like structures in SEM micrographs (Miltner et al.,

2012). However, this kind of biofilms was not observed in the present study. Hence, the ef-

fect of EPS was not tested in the experiments, but their formation during the 2 h desiccation
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period cannot be completely excluded. The formation of EPS during desiccation was shown

by Roberson and Firestone (1992) for Pseudomonas spp. in soil systems, but the incubation

time was considerably longer than in the present study.

The findings support the evidence for a microbial origin of SWR (Hallett and Young, 1999; Or

et al., 2007). However, so far, no mechanistic understanding of the role of microorganisms,

their residues and stress response for the development of SWR is given in the literature.

In the present study, it could be clearly shown that bacteria, their residues and osmotic

stress related response can directly affect the wettability of minerals. The previously men-

tioned accumulation of microbial cell envelope fragments and their contribution to SOM

formation therefore will have an important effect on the wettability of soil aggregates and

soils in general. It was shown that not only specific substances like long chain FA (Horne

and McIntosh, 2000), but also the microorganisms themselves as well as their cell residues,

which always will accompanying growth and decay, are able to induce or increase SWR.

This would also explain the observations of Hallett and Young (1999) and Lamparter et al.

(2014), who found a close relationship between increased microbial activity and changes

in SWR. The contribution of cell residues to SWR formation may also, in part, explain the

observations by Hallett et al. (2001b), where the use of bacterial biocide induced high levels

of SWR. The induced death and decay of bacteria is accompanied by the release of cytosolic

compounds and formation of cell envelope fragments, which may be responsible for the

observed increase in SWR.

Furthermore, the findings can contribute to explain various other effects with respect to

SWR. During desiccation, soil wettability changes from wettable to water repellent at the

so called critical soil water content (Dekker and Ritsema, 1994; Doerr et al., 2000; Dekker

et al., 2001). Due to the amphiphilic structure of many cytosolic components and the cell

envelope fragments, the hydrophobic domains of in particular membrane lipids can be ori-
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ented away from the mineral surface during drying and may form a hydrophobic coating

on the mineral surface. The higher concentration of ions and the corresponding osmotic

stress on microorganisms at lower water contents may also decrease their surface wettability.

The drying and the induced osmotic stress may also partly explain the observed formation

of fire-induced water SWR, where the high temperatures cause a drying of soil even in

domains where temperatures do not rise sufficiently burn OM (Letey, 2001). The coating

by cytosolic substances, cell envelope fragments and bacterial cells can be the reason for

subcritical SWR, where infiltration is interrupted due to hydrophobic spots (Tillman et al.,

1989; Hallett et al., 2001a). This is supported by the micro-scale hydrophobicity observed

in the ESEM condensation experiments. Small water repellent spots also induced a shift in

surface wettability from hydrophilic to hydrophobic in the study by Ustohal et al. (1998). In

addition, the development of SWR after irrigation with treated sewage effluent is a widely

observed phenomenon (Wallach et al., 2005). Assuming a high input of microorganisms

(105 –106 cells mL−1) not adapted to soil and various salts with the wastewater, the subse-

quent adaptation to osmotic stress of the added microorganisms as well as their death and

decay may increase SWR. Development of SWR after nutrient addition with following high

respiration rates was also observed by Hallett and Young (1999). In addition, the ability

of cell envelope fragments to induce SWR may also explain the long-term stabilization of

cell residues in SOM (Miltner et al., 2012). During transient drying of a soil, cell envelope

fragments may become covered by cell membrane lipids and thereby turn into dry micro

spots, which cannot be biodegraded due to reduced water activity.

Only pure minerals as model compounds and only one type of bacterium was used in

the present study. Therefore, it will be necessary to study the observed effects with other

microorganisms like Gram-positive bacteria and to validate the findings for natural soils.

Nevertheless, the principal process in non-complex systems was demonstrated and the

proof of principle provided by the results of the experiments. Atomic force microscopy
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according to Cheng et al. (2009) to characterize the nano-scale hydrophobicity of the organo-

mineral associations would be a helpful tool to get further insights into small-scale surface

properties.

In these experiments, the macro-scale and micro-scale wettability of mineral surfaces was af-

fected by the coverage with bacteria and biomolecules, in particular cell envelope fragments

and proteins. The surfaces of two quartz sands (small SSA), different in texture (coarse vs .

medium) and pre-treatment (no pre-treatment, washed and calcined) decreased in wetta-

bility due to the interaction with biomass of P. putida mt-2 (i.e., intact cells, cell envelope

fragments and cytosol). The extent of the induced water repellency was dependent on cell

number and stress adaptation of the bacteria.
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5.1 Formation and turnover of cell envelope fragments

Using test systems characterized by an increasing complexity, it was possible to elucidate

and characterize the formation and turnover of cell envelope fragments in soils in detail.

While the decay of cells and the formation of humic substances was observable in pure cul-

tures, the formation of cell envelope fragments was only observed on PDL coated slides or

in the presence of an additional mineral phase. The fragmentation process was observable

for actinomycetes in artificial soils, while the high complexity and heterogeneity prevented

the visualization of cell fragments from other bacteria. However, evidence for the death

and decay of microorganisms and the subsequent formation of cell envelope fragments was

given by analyzing the PLFA and tFA. Cell envelope fragments are not the only products of

cell growth and decay. By incubating different bacteria in liquid culture, humic substances

were revealed to be partly of microbial origin. Growth and decay of microorganisms also

take place in soil; these processes thus may be valid for soils. The results from incubation

studies with 14C-labeled biomass have shown that cell envelope fragments degrade more

slowly than intact cells in soil, which may promote their accumulation in soil leading to a sig-

nificant contribution to SOM formation, which was also stressed by other studies (Schimel

et al., 2007; Miltner et al., 2012; Schurig et al., 2013; Schütze et al., 2013).

5.2 Stabilization of microbial residues

By incubating co-precipitates of intact cells and cell envelope fragments with Fe and Al

oxyhydroxides in soil, the occlusion and incrustation by co-precipitation was revealed as an

important mechanism for the stabilization of microbial residues. It is therefore suggested
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studying this mechanism further and integrating it into existing models describing organo-

mineral associations (Kleber et al., 2007). For example, other minerals, in particular Mn

oxides, and residues of other types of microorganism need to be investigated. The results of

the present study also highlight the importance of the interaction between redox conditions

and redox-sensitive organo-mineral associations for the stabilization and destabilization of

microbial residues, as well as the general relevance of the chemical and physical structure,

including the spatial arrangement of compounds in organic input material. As cell envelope

fragments are important SOM precursors, the processes and mechanisms revealed here may

have an impact on soil C cycling and thus on SOM accumulation and CO2 release from

soil.

5.3 Impact of microbial residues on soil wettability

By determining macro- and micro-scale CA, evidence was found for changes in macroscopic

and microscopic wettability of model minerals induced by bacteria, cell envelopes and

cytosol. This effect was modulated by bacterial response to osmotic stress. From these

findings, a mechanistic process that may help understanding the development of SWR

induced by microorganisms, their residues and specific responses to stress was derived.

Various related phenomena, like subcritical water repellency and the development of SWR

after irrigation with sewage effluents may also be explained by the findings of this study. The

results emphasize that macromolecular biogenic structures are more important for SWR than

single classes of substances like FA or waxes. Overall, the results of these experiments stress

the significant impact of microorganisms and their residues on soil wetting properties.
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5.4 Synthesis

The main findings of this thesis, i.e., the formation of microbial residues and their stabi-

lization by occlusion and incrustation due to co-precipitation and the impact of the redox

potential on this process, as well as the influence of residues on the wettability of soil mi-

nerals, can be included in the cell envelope formation cycle, which was hypothesized by

Miltner et al. (2012) (Fig. 36). After growing and starving of bacteria, the decay with subse-

quent formation of cell envelope fragments takes place, was shown in this thesis. Afterward,

the fragments are either stabilized by sorptive interactions with mineral surfaces or by occlu-

sion and incrustation by co-precipitation with minerals. These processes are dependent on

redox conditions. While the first mechanisms mainly occur under aerobic conditions, the co-

precipitation mainly takes place in temporarily flooded or groundwater affected soils with

high concentrations of Fe, Al or Mn ions and fluctuating redox conditions or in anaerobic

microsites of oxic soils. The stabilized cell fragments contribute to SOM and have impact

on soil surface properties like wettability. However, the co-precipitates are stable under

oxic conditions, while O2 depleted conditions can lead to a dissolution of the protecting

occluding mineral phase and to the release of the formerly stabilized fragments, which then

can act as a food source for other microorganisms.

The model experiments presented in this thesis thus support a significant contribution of

cell envelope fragments to SOM formation. They are formed during cycles of microbial

growth, death and decay and stabilized in soil. Furthermore, they strongly affect important

soil particle surface properties such as wettability and thus control soil functions.
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Fig. 36: Modified cell envelope fragments formation cycle from Miltner et al. (2012). The
occlusion of cell envelope fragments is next to sorption of those on mineral surfaces an
important stabilization mechanism, which is dependent on oxic and anoxic conditions in
soil. The stabilized residues have influence on physical surface properties like soil water
repellency.
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Tab. 8: Residual activities (% of total activity) and recovery rates of the incubation experiments with 14C-labeled E. coli
(n/a: not applicable).

Occlusion No occlusion Fe oxyhydroxide Al oxyhydroxide

O2 regime Aerobic O2 depleted Aerobic O2 depleted Aerobic O2 depleted

[%]

Intact cells

Day 0 n/a n/a n/a n/a n/a n/a

Day 98/101 61.8± 4.8 64.8± 2.9 84± 4 85.1± 2.6 81.1± 1.9 76± 4

Day 343/346 50.8± 3.4 33± 12 74.6± 2.6 45± 3 76± 6 86± 9

Recovery 101 92 93 82 98 87

Cell fragments

Day 0 n/a n/a n/a n/a n/a n/a

Day 98/101 70.8± 2.7 70± 6 90± 6 94.3± 1.9 96± 6 84.5± 1.9

Day 343/346 53.9± 1.2 35± 14 95± 7 58± 12 85± 9 68± 4

Recovery 98 93 108 86 107 97
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a b 

d c 

Fig. 37: Scanning electron micrographs of unstressed P. putida cells (a, b), and stressed cells
(c, d). The mineral phase is coarse-grained quartz. In micrographs a and c, the concentra-
tion is 108 cells g−1 and in b and d, the concentration is 109 cells g−1 mineral. The smaller
micrographs were taken with a higher magnification.
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a b 

c d 

Fig. 38: Micrographs from condensation experiments in an environmental scanning electron
microscope with unstressed P. putida cells (a, b) and stressed cells (c, d) as organic coatings.
The mineral phase is coarse quartz. In micrographs a and c, the concentration is 108 cells g−1

and in b and d, the concentration is 109 cells g−1 mineral.
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