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SUMMARY

Prolonged droughts render the development of soil water repellency (SWR), which in
turn impacts the infiltration and distribution of water through the soil profile, exposing
soil microorganisms to water stress. Soil microorganisms (particularly necromass)
significantly contribute to soil organic matter (SOM), which is believed to be the source
of water repellency in soil. SWR-induced water stress is hypothesized to increase
bacterial cell surface hydrophobicity (CSH). Interaction of bacterial cells with soll
particles will change the wetting properties of the particles, with stronger impact of
stressed cells. Furthermore, variations in soil moisture can lead to increased SWR
associated with shifts in microbial abundance and community structure. Growth of all
the strains investigated was inhibited by both matric and osmotic stress, and in both
growth conditions. However, changes in cell surface hydrophobicity (CSH) varied
between different stress types and growth conditions. The CSH of B. subtilis and P.
fluorescens increased with increasing stress level, R. erythropolis and M. pallens
exhibited generally high but constant contact angle (CA) at all stress levels, while A.
chlorophenolicus A6 and N. aromaticivorans exhibited rather inconsistent response to
growth conditions and type of stress. In none of the experiments, the CA exceeded
110°. This contact angle thus seems to represent an upper limit for CSH. In an
association with quartz minerals, B. subtilis and P. fluorescens rendered the surface
of the minerals hydrophobic. The degree of initial hydrophobicity of the CMAs was
significantly higher with osmotically stressed cells. However, the high degree of water
repellency did not persist, probably due to biomass loss.

The response of the two soils to fluctuations in water content (WC) varied, depending
on water content and the initial level of SWR, with no changes observed in CA and
community composition of the initially more hydrophobic soil. Changes were observed
in moderately hydrophobic soil, particularly under lower WC. The results reported in
this dissertation show the significant role of bacterial surface hydrophobicity in the
development of SWR. While stress induced CSH has only a short-term impact on water
repellency in soil, Prolonged dry conditions lead to a shift towards more adapted
microbial community with higher CSH.

Keywords: Soil water repellency, bacterial cell surface hydrophobicity, water stress,

community composition



ZUSAMMENFASSUNG

Lang andauernde Trockenheit fordert die Entwicklung von wasserabweisenden
Oberflachen von Bodenpartikeln. Eine verringerte Benetzungsfahigkeit des Bodens
beeinflusst die Infiltration und die Bewegung des Wassers durch den Boden, damit
werden Bodenmikroorganismen Wasserstress ausgesetzt. Mikroben stellen einen
grolRen Anteil der organischen Bodensubstanz (OBS), was die Ursache fir die
Entwicklung des Wasserabweisungsvermogens in Boden ist.

Es wird angenommen, dass 1) Wasserabweisungsvermégens -induzierter
Wasserstress die bakterielle Oberflachenhydrophobie erhéht, 2) die Interaktion der
Bodenpartikeln mit bakteriellen Zellen fihrt zu reduzierten Benetzbarkeit der
Mineralpartikeln und dies wird vor allem bei gestressten Zellen ausgepragt und 3)
AuBerdem fihrt die Variationen der Wasserverfligbarkeit in Boden zu einem erhéhtem
Wasserabweisungsvermogens, welches durch  die  Verdnderungen  der
Zusammensetzung mikrobiellen Gemeinschaft hervorgerufen ist.

Das Wachstum aller untersuchten Bakterien wurde sowohl durch osmotischen als
auch durch Matrixstress gehemmt. Die Verdnderungen der Oberflachenhydrophobie
bakterieller Zellen unterschieden sich zwischen verschiedenen Stresstypen und
Wachstumsbedingungen. Der Oberflachenhydrophobie von B. subtilis und P.
fluorescens stieg mit zunehmendem Stresslevel an, R. erythropolis und M. pallens
zeigten unabhangig vom Stresslevel allgemein hohe, aber konstante Kontaktwinkel.
A. chlorophenolicus A6 und N. aromaticivorans haben sehr variabel auf
Wachstumsbedingungen und Stresstypen des Wasserstress reagiert. In keinem Fall
Uberstieg der Kontaktwinkel der Zelloberflachen 110°. Dieser Kontaktwinkel scheint
daher eine Obergrenze darzustellen. Nach der Zugabe zu Quarz machten B. subtilis
and P. fluorescens die Oberflache der Mineralpartikel hydrophob. Zu Beginn war die
Hydrophobie der Zell-Mineral-Assoziationen bei osmotisch gestressten Zellen héher
als bei ungestressten Zellen, trotzdem die hohe Wasserabweisung, die durch den
Wasserstress induziert worden war, nahm schnell ab, moglicherweise durch
Biomasseverlust.

Die Reaktion die zwei untersuchenden Boden hing ab von der Wasserverfugbarkeit,
und dem Ausmal} ihres Wasserabweisungsvermégens. Die durch die Trockenheit
hervorgerufenen Verdnderungen der Zusammensetzung mikrobiellen Gemeinschaft
und Wasserabweisung waren klein, jedoch ausgepragter im Boden mit gemaligter
Wasserabweisung als im hydrophoberen Boden. Indem Oberflachehydrophobie nur

einen kurzfristigen Einfluss auf die Benetzungseigenschaften des Bodens hat, langere



ZUSAMMENFASSUNG

Trockenheit kann zu einer Verschiebung hin zu einer angepassten mikrobiellen

Gemeinschaft mit hoherem Oberflachehydrophobie fiihren.

Schlagworter:  Wasserabweisungsvermégen, Boden, Oberflachehydrophobie,
bakterielle Zellen, mikrobielle Gemeinschaft
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1 INTRODUCTION

One of the most vital functions of soils in the global ecosystem is the storage and
cycling of water and nutrients for plant growth. Thus, soils are crucial for supporting
food security and other ecosystem services. Many ecosystem services depend on soil
health and soil biota (Wagg et al., 2014). Soil organic carbon (SOC) quality and
guantity play a crucial role in soil health (Lal, 2016). Soil is a main C reservoir, holding
more C than the atmosphere and vegetation (Singh et al., 2010).

Soil microbes play critical roles in driving soil carbon cycle (Schimel and Schaeffer,
2012), thus, the ability of the soil to provide these functions depends on its properties,
controlling microbial activity (Delgado-Baquerizo et al., 2016; Wagg et al., 2014). One
of the most important soil properties, governing microbial activity is the soil water
content (WC; Stark and Firestone,1995).

Climate change can affect soil functions via changes in precipitation and moisture
regime (Cook et al., 2018; Grillakis, 2019). According to IPCC 2014 reports, the rainfall
patterns around the world, including Europe, are changing due to climate change.
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Figure 1 Schematic representation of the role of extreme climatic events
in the development of soil water repellency (Goebel et al., 2011)

Changes in precipitation frequency, intensity, as well as temporal distribution will result
in increased frequency of droughts during summers and copious rainfalls during winter.
As a result, increase in drought affected areas in Europe will be observed (Grillakis,

2019; Samaniego et al.,, 2018). Reduced and uneven precipitation patterns and
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increased temperature will result in reduced soil moisture levels, which plays an
essential role in many hydrological, biological and biogeochemical processes in
terrestrial ecosystems. Under prolonged periods of drought soils can manifest water

repellency (DeBano, 1981; DeBano, 2000).



2 STATE OF THE ART

2.1 Soil water repellency

Soil water repellency (SWR) is a widespread phenomenon. SWR is the reduction in
the rate of wetting and retention of water in soil caused by the presence of hydrophobic
coatings on soil particles (Hallett, 2007). Naturally occurring water repellent soils have
been reported all around the world; in different climatic conditions, under various land
covers and a wide range of soil physicochemical properties. Initially being associated
with arid and semiarid regions (Doerr et al., 2000), water repellent soils were reported
also in temperate and humid regions (DeBano 1981, 2000; DeBano and Krammes,
1966; Jaramillo et al., 2000). Water repellency (WR) is generally observed in sandy
soils; however, it was reported in clayey, loamy soils as well (Dekker and Ritsema,
2000).

Water repellent soils are associated with various land covers, such as croplands,
pastures and forests (Bachmann et al., 2016; Hall et al., 2010; Surda et al., 2020).
SWR can hinder infiltration of water into the soil. This in turn will result in preferential
flow through the soil profile, thus rendering uneven wetting patterns (Doerr and
Ritsema, 2005; Gimbel et al., 2016). Decreased soil water content will cause reduced
availability and diffusion of substrates and nutrients, colloidal transport and thus impair
the bacterial activity in soil (Papendick and Campbell, 1981). Soil microorganisms are
playing a crucial role in C mineralization, nutrient cycling, soil structure stabilization
and so on (Delgado-Baquerizo et al., 2016). Thus, understanding the mechanisms of
water repellency in soil, and its effects on the soil microbial community is crucial.

It is accepted that SWR is caused by amphiphilic organic compounds coating the
surface of soil particles (Doerr et al., 2002; Ellies et al., 2005; Horne and Mclintosh,
2000; Leelamanie and Karube, 2007). The SWR occurs as a result of interactions
between water molecules and amphiphilic organic coating (Woche et al.,, 2017).
According to (Doerr et al., 2000) in hydrophilic soil those compounds are oriented with
their hydrophilic heads towards the water molecule (Figure 2, a). However, as the soil
dries the molecules at the mineral surface start to reorient and reorganize (Figure 2,
b) and eventually render the mineral surface hydrophobic (Figure 2, c¢). Those
compounds are believed to be mostly of plant origin. While leaf litter (Alanis et al.,
2017; Mao et al., 2016) and root exudates (Ahmed et al., 2017; Mao et al., 2014) of

plants are believed to be the main source of water repellency, soil microorganisms
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¢) Mineral surface is hydrophobic due to orientation of aphiphilic molecules

Figure 2 Schematic representation of the orientation of amphiphilic compounds on a
a) hydrophilic mineral surface rendering it hydrophobic, b) reorientation due to reduced
water availability and c) mineral surface becomes hydrophobic (modified from (Doerr

et al., 2000)).

have been also shown to play a role (Achtenhagen et al., 2015; Bond and Harris, 1964;
Hallett and Young,1999; Lozano et al., 2014).

Microorganisms can contribute to SWR by releasing hydrophobic compounds (Hallett
et al.,2011; Lamparter et al.,2014; White et al.,2000), as a part of soil organic matter
(SOM; Kindler et al., 2009; Ludwig et al., 2015; Miltner et al., 2009 ) or by direct
attachment to soil minerals (Achtenhagen et al., 2015). Furthermore, soil aggregate
stability, the ability of soil aggregates to withstand external disturbance and regulate
the movement and storage of water throughout the soil profile, has been shown to
have a positive correlation with SWR (Goebel et al., 2005; Liu et al., 2019). The water
repellent soil aggregate surfaces reduce the rate of mineralization of SOM, entrapped
in soil aggregates and simultaneously improve the aggregate stability (Goebel et al.,
2005) (Leelamanie and Karube, 2014). Studies have shown that soil microorganisms
also play an important role in soil aggregate formation and stability (Totsche et al.,
2018). Extracellular polymeric substance (EPS) released by bacteria and fungi and
hyphal network significantly. contribute to soil particle aggregation and stabilization
(Costa et al., 2018; Lehmann et al., 2020; Rillig and Mummey, 2006).
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2.2 Contribution of soil bacteria to SOM

SOM is derived from aboveground plant residues, root exudates and microbial
exudates (Kdgel-Knabner, 2002). The living soil microbial biomass carbon constitutes
only 1-2% of total SOC, therefore, the contribution of microbial biomass to SOM was
previously neglected. However, in recent years growing number of studies have shown
that the contribution of bacteria to SOM was grossly underestimated. Recent data
estimate that the microbial necromass can make up to 50% of SOC (Liang et al., 2019).
A conceptual model of how bacterial cell envelope fragments stabilize in soil was
proposed by (Miltner et al., 2012). The “PATCHY FRAGMENT FORMATION CYCLE”
(Figure 3) suggests that, when facing unfavorable conditions, metabolic activity of sail
bacteria will gradually cease, due to reduced substrate availability. With time the cells
won'’t be able to meet the minimal energy and carbon requirements for survival and

will eventually die.
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Figure 3 The cycle of patchy fragment formation from microbial necromass
(Miltner et al., 2012).

The bacterial biomass will disintegrate, and the fragments will adsorb to soil minerals,
stabilize in soil and become a substantial part of SOM. The incorporation and
stabilization of microbial cell fragments into SOM is reported in several studies
(Kallenbach et al., 2016; Kallenbach et al.,2015; Kindler et al., 2006; Ludwig et al.,
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2015; Miltner et al., 2009). Considering the contribution of SOM to SWR formation and
contribution of microbes to SOM, the possible direct involvement of bacteria, as a part
of SOM or by direct attachment of living cells to soil particles, in the formation of SWR

cannot be neglected.

2.3 Impact of SWR on soil bacteria

Soil WC is an important factor controlling microbial activity. Decreased soil water
content can result in reduced availability and diffusion of substrates and nutrients,
colloidal transport and thus impair the bacterial activity in soil (Csonka and Hanson,
1991; Or et al., 2007; Stark and Firestone, 1995). It is also a determining factor for
microbial community structure and diversity (Drenovsky et al., 2004; Treves et al.,
2003). SWR reduces water infiltration and affects its distribution in soil profile (Doerr
et al., 2000; Goebel et al., 2005; Goebel et al., 2011), exposing soil microorganisms to
water stress (Stark and Firestone, 1995). However, the “origin” of the water stress can
vary. On one hand, water potential can be reduced due to high concentration of
solutes, causing osmotic stress. Alternatively, the low water potential can occur when
the soil dries out. In this case the water potential is reduced by the increased surface
tension between the water molecules and mineral surface. This results in reduced
matric potential, causing matric stress. In saturated non-saline soils water stress is
mainly determined by osmotic potential, however, as the soil WC decreases, matric
potential becomes the main component of soil total water potential. In order to derive
information on the impact of water stress on cell surface hydrophobicity of soil bacteria,
the differential in vitro impact of osmotic and matric stress should be studied in close
to real conditions. To understand the adaptation mechanism to water stress, most
studies assess the bacterial response to osmotic stress caused by permeating solutes
used to lower the water potential of the growth medium (Csonka and Hanson, 1991;
Hachicho et al., 2017; Lépez et al., 2000; Rojas et al., 2014). However, to reduce the
matric potential of the growth media, similar to dry soil, high-molecular-weight
polyethylene glycol (PEG) can be used (McAneney et al., 1982; Steuter et al., 1981;
McAneney, 1982). Due to the large size, PEG molecules do not penetrate bacterial
cell wall, but rather captures the water in their macromolecular structures, making it
unavailable for soil microorganisms. In PEG-amended growth medium bacteria are
exposed to water stress, similar to matric stress in dry soil. Therefore, in this study

“matric” stress/potential will be used to refer to PEG-induced stress in growth media.
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2.3.1 Water stress in a single cell

The principal stress response mechanism of bacteria to osmotic and matric stress is
similar (Brown, 1990). Bacteria have developed various behavioral and physiological
mechanisms to adapt to water stress. To survive water stress bacteria can enter
dormancy (Jones and Lennon, 2010; Lennon and Jones, 2011), produce biofilms
(Chang et al., 2007; Lennon et al., 2012), synthesize and accumulate compatible
solutes (Bremer and Kramer, 2019; Lennon et al., 2012) or alter the composition of
cellular membrane phospholipid fatty acids (Mutnuri et al., 2005; de Carvalho et al.,
2014; Unell et al., 2007).

In general, different bacterial strains can exhibit rather a wide range of cell surface
hydrophobicity (CSH), which plays an essential role in the adhesion of bacteria to
surfaces (van Loosdrecht et al.,1987b). He reported a wide range of contact angle
(CA) of cells surfaces of 23 different strains (15°-70°). Nevertheless, increase in
surface hydrophobicity as a response to stress was reported as well (Baumgarten et
al., 2012; de Carvalho et al., 2016b; Hachicho et al., 2017). Baumgarten et al, 2012
showed, that when exposed to osmotic stress Pseudomanas putida DOT-T1E
releases outer membrane vesicles, which lead to increased surface hydrophobicity.
Surface hydrophobicity of P. putida mt-2 was shown to also increase under osmotic
stress compared to the unstressed control at -2.5MPa water potential (Hachicho et al.,
2017), which supports the finding of (Baumgarten et al., 2012). Osmotically-induced
increase in CSH was also reported for Bacillus subtilis (L6pez et al., 2000) and
Rhodococcus opacus PWD4 (de Carvalho et al., 2016a).

2.3.2 Water stress on community level

The activity and structure of soil microbial community is affected by various
environmental factors. Soil moisture content is considered to be one of the main ones.
It is known that exposure to water stress results in reduced growth rate and eventually
death of bacterial cells (Potts, 1994). As SWR can affect the water availability in soil,
it can indirectly be a source of water stress for soil microorganisms, affecting microbial
activity and driving changes in soil microbial community, shifting it towards a more
resistant to fast change in water potential(WP; Fierer et al., 2003). When exposed to
water stress, different microorganisms exhibit different levels of resistance and
resilience. Fungi have been reported to be more tolerant to water stress, due to their

ability to accumulate osmolytes, without hindering their metabolism (Brown, 1990) and
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their hyphal network, which allows them to transport resources with their hyphae and
thereby obtain water and nutrients from distance, if the substrate diffusion is reduced
in their surrounding (Bapiri et al., 2010 ; de Vries et al., 2018; De Vries and Shade,
2013). However, fungi do not always thrive in low water potentials. Decrease in fungal
biomass under water stress was also reported (Williams, 2007). Bacteria belonging to
most abundant phylum in the soil, Proteobacteria, Acidobacteria, Verrucomicrobia,
Firmicutes, Actinobacteria, Bacteroidetes, Planctomycetes (Chodak et al., 2015;
Sengupta and Dick, 2015) exhibit different levels of resistance and resilience to
reduced water potential. Furthermore, the response of soil microbial communities to
shifts in soil water potential had been shown to be affected by the prior exposure to
drought (Meisner et al., 2018).

Gram-positive (G+) representatives of Actinobacteria and Firmicutes phyla, are
reported to be more resistant to drought, compared to Gram-negative (G-) bacteria
(Barnard et al., 2013). Number of G+ bacteria, within Firmicutes and Actinobacteria
phylum, are known to sporulate, to withstand unfavorable environmental conditions,
including low water potential (Fatima et al., 2019; Hutchison et al., 2014). Furthermore,
the ability to produce aerial mycelium, similar to fungal hyphae, gives members of
Actinobacteria phylum with survival advantage in extreme environmental conditions
(Jiang et al., 2006; Kurapova et al., 2012)

In contrast G- bacteria are less resistant to water stress(Manzoni et al., 2012; Uhlifova
et al., 2005). Several studies reported decrease in relative abundance of
Proteobacteria, Planctomycetes and Bacteroidetes after exposure to drought and
wetting cycles, while Actinobacteria and Firmicutes increase in relative abundance
(Barnard et al., 2013; Chodak et al., 2015; Lennon et al., 2012). Contradicting results
have been reported on the abundance and water stress response of Acidobacteria.
While some studies show high level of drought-sensitivity and decrease in relative
abundance with reducing water availability (Acosta-Martinez et al., 2014; Barnard et
al., 2013), high relative abundance of Acidobacteria in dry soils was also reported
(Curiel Yuste et al.,, 2014). Soil pH appears to be an important factor determining
abundance and drought sensitivity of this phylum, with increased abundance and

stress tolerance at low pH soils (Chodak et al., 2015).

2.4 Interaction of bacterial cells with soil minerals

Most soil microorganisms live attached to mineral surfaces (Or et al., 2007) and thus

the surface properties of minerals (Stotzky, 1985) and bacterial cell walls (van
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Loosdrecht et al., 1987a) impact the attachment of bacterial cells (Bos et al., 1999).
Bacterial cells in turn can be expected to influence the properties of the formed
microaggregates. Soil microorganisms are reported to play a role in soil aggregate
formation. As means for survival in fluctuating soil water content, bacterial produce
extracellular polysaccharides(EPS; Or et al., 2007), which due to their hygroscopic
property maintain the water in the colony microenvironment as water potential declines
and helps in survival of microorganisms (Roberson and Firestone, 1992). EPS is also
reported to promote soil aggregate formation (Cania et al., 2019) and stabilization
(Park et al., 2007; Redmile-Gordon et al., 2020) and increased soil's water-holding
capability (Roberson and Firestone, 1992). It has been suggested, that EPS of some
microorganisms could exhibit hydrophobic properties (Neu and Poralla, 1988). Bacillus
subtills was reported to produce hydrophobic biofilm, triggered by osmotic stress
(Arnaouteli et al., 2016; Epstein et al., 2011). Furthermore, Achtenhagen et al., 2015
reported that the direct attachment of material cells to pure soil minerals, rendered
those hydrophobic. Additionally, when bacteria were exposed to osmotic stress prior
to the attachment to minerals, overall hydrophobicity of these cell-mineral associations
was significantly higher, compared to association with unstressed cells. The organic
matter entrapped in or surrounding the soil microaggregates is reported to be mainly
of microbial origin (Plaza et al., 2013), indicating the direct involvement of bacteria in

the development of SWR.



3 AIMS AND HYPOTHESIS

Though the principal nature of bacterial adaptation mechanisms to osmotic and
drought (matric) stress are often similar (osmolyte accumulation, biofilm formation;
Brown, 1990), it has been also reported the outer membrane of P. putida had
differential, concentration dependent response to low water potential, caused by NaCl
(permeating) and PEG 8000 (non-permeating) solutes. However, knowledge on the
differential effect of low matric and osmotic potentials on bacterial cell surface
hydrophobicity is missing. Till now, there are only few studies, examining the impact of
osmotic stress on bacterial CSH and to our best knowledge the impact of matric stress
has not been yet reported. It has been shown, that bacteria increase cell surface
hydrophobicity when exposed to osmotic stress and this response varied between
planktonic and surface growth conditions (Baumgarten et al., 2012; Hachicho et al.,
2017). Both studies investigated changes in CSH of P. putida, a G- soil bacteria, which
plays an essential role in carbon and nitrogen cycling. Though G+ bacteria are known
to be better adapted to drought (Manzoni et al., 2012), certain phyla of G-bacteria are
also relatively abundant in dry soils (Barnard et al., 2013). Due to the structural
differences of the cell wall, the response to water stress of G- and G+ bacterial cell
surface hydrophobicity can be fundamentally different. However, up to date there are
no comprehensive studies available on changes in bacterial CSH of bacteria with
different cell wall structures. In soil, bacteria mostly exist on the surface of soil particles,
thus being exposed to air/liquid/solid interface. These conditions are extremely
different of those in vitro liquid cultures. Thus far, there is only one study comparing
the impact of osmotic stress on CSH of P. putida in different growth conditions
(Hachicho et al., 2017).

Bacterial cells and the cell wall fragments are mostly attached to the surface of soil
minerals and have been shown to impact the surface wettability of minerals
(Achtenhagen et al.,2015 ; Schurig et al., 2013). Moreover, the impact of bacterial
surface properties on the minerals is exacerbated by exposure to osmotic stress
(Achtenhagen et al., 2015). However, the impact of bacteria with different cell wall
properties on the minerals has not been yet reported. Furthermore, it is not clear

whether this impact persists over time, after the stress subsides.

Soil minerals are mostly coated by SOM; consequently, the properties of these organic
coatings will determine the surface properties of the minerals (e.g., water repellency).
The occurrence and the degree of water repellency is often positively correlated to the

amount of the SOM; however, the composition of SOM is also a determining factor
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(Blanco-Canqui, 2011; Lal, 2016). It is known that bacterial necromass stabilizes in
SOM, thus impacting the composition of SOM (Miltner et al., 2012). Bacterial cells
attached to soil minerals and cell wall fragments incorporated to SOM could impact
soil wettability. Furthermore, reduced water availability could result in stress-induced
increase in bacterial cell surface hydrophobicity.

Numerous studies report on the impact of drought and drying-rewetting on soil
microbial community composition (Bapiri et al., 2010; De Vries and Shade, 2013 ;
Hueso et al., 2011; Meisner et al., 2018) and changes in degree of SWR (Bachmann
et al., 2021; Bayad et al., 2020 ; Vogelmann et al., 2013). It has been also shown, that
the microbial communities vary between soils with different levels of water repellency
(Lozano et al., 2014). However, to the extent of our knowledge no comprehensive
studies are available connecting the development of SWR to stress induced changes
in bacterial CSH.

Based on the abovementioned research gaps the aim of the present thesis was to
evaluate (1) differential impact of matric and osmotic stress on bacterial cell surface
hydrophobicity (2) their impact on the surface wettability of soil minerals and (3)
drought driven changes in SWR and microbial community composition. In order to

accomplish these aims, the following research hypotheses were tested:

1. Bacterial adaptation to water stress will result in changes in cell surface
properties.

i) Cells of different bacterial species will turn more hydrophobic due to
exposure to water stress (osmotic and matric) compared to unstressed
cells.

ii)  The response degree of cell surface hydrophobicity to osmotic stress will
be different, compared to matric stress.

iiiy  Bacterial cells will exhibit different levels of susceptibility depending on

growth conditions (surface and submersed).

The impact of water stress (osmotic and matric) on bacterial growth and cell surface
hydrophobicity was assessed. Furthermore, bacterial growth inhibition and changes in
CSH due to osmotic stress were assessed in different growth conditions (surface and
submersed). Changes in surface hydrophobicity were analyzed by means of contact

angle measurements.
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2. Bacterial cell surface properties will affect the wetting properties of soil
minerals.
i) Changes in bacterial cell surface properties due to exposure to osmotic

stress will impact the surface properties of cell-mineral associations.

ii) Bacteria-induced surface hydrophobicity of cell-mineral associations will
persist over time.

The influence of bacteria and their cell wall fragments on the wettability of medium
sized quartz (0.2 - 0.8 mm) was tested. To investigate the effect of osmotically stressed
bacteria with different cell wall structures on the wettability of soil mineral, cells of B.
subtilis and P. fluorescens were mixed with quartz and incubated for 2 months.
Changes in surface hydrophobicity were monitored throughout the incubation.
Additionally, the amount of total phospholipid fatty acids (PLFA) was analyzed as a
measure of living bacterial biomass (Frostegard and Baath, 1996).

3. Drought and drying-rewetting cycles will affect soil microbial community in soils
with different levels of water repellency and drought history.
i) Exposure to water stress (constant or fluctuating) will increase soil water
repellency.
ii)  Soil microbial community will shift to a more drought resistant community.
iii) Impact of drought on community composition and soil wettability will be

less pronounced in the soil with drought history, due to adaptation.

To investigate the impact of different WC in soil on the bacteria-induced soil water
repellency, two soils with different levels of water repellency were incubated under 3
different water regimes. Changes in soil water repellency under these water regimes
were monitored via contact angle measurements. Furthermore, changes in soil
microbial community composition were investigated via PLFA analysis and high-
throughput sequencing of 16S rRNA gene. Finally, we used Random Forest (RF)
machine learning algorithm to identify bacteria possibly associated with SWR in these

soils.
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RESULTS

4 MATERIALS AND METHODS

4.1 Culture conditions and microorganisms

To understand the impact of water stress on bacterial cell surface properties pure
culture experiments were performed using cultures of 6 different soil bacteria (Table
1). The typical soil bacterial strains were selected to cover a wide range of
environmental conditions and cell wall structures. B. subtilis and A. chlorophenolicus,
were chosen as representatives of G+ bacteria and P. fluorescens and N.
aromaticivorans as G-. Furthermore, G+ bacteria M. pallens and R. erythropolis were
selected due to their extremely hydrophobic cell surfaces, caused by the presence of
mycolic acids in their cell wall. This impacts the permeability to nutrients and other
hydrophilic substances through the cell wall (Jarlier and Nikaido, 1990).

Table 1 List of microorganisms used in stress experiment

Microorganism Strain Gram stain  Origin
Bacillus subtilis DSM 10, Marburg’ + unknown
Arthrobacter .
_ DSM 12829, A6" + Soil
chlorophenolicus
Pseudomonas _
DSM 500907 - Pre-filter tank
fluorescens
Novosphingobium Deep terrestrial
o DSM 12444, F199" - .
aromaticivorans subsurface sediments
Rhodococcus _
_ DSM 43066" - Soil
erythropolis
Mycobacterium B _
DSM 45404, czh-8" - Hawaiian soil

pallens

*All the strains were obtained from The Leibniz Institute DSMZ-German Collection of

Microorganisms and Cell Cultures (T- type strain)

Pure cultures were propagated in adequate medium recommended for each strain by
DSMZ, transferred to cryovials and stored at -20°C until further use. Prior to the
experiments, pre-cultures were prepared by inoculating 50 ml sterile mineral salt

medium (Table 2), supplemented with 4 g/L sodium succinate and 1 g/L yeast extract
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as carbon source (Hachicho et al., 2017). The overnight cultures were incubated at
30°C on an orbital shaker (160 rpm) and used as inoculants in growth inhibition

experiments.

Table 2 Mineral medium composition

Compound Concentration
NazHPO4 7 glL
KH2PO4 2.8 g/L
NaCl 0.5¢g/L
NH.CI 1g/L
MgSO4-7H.0 0.1g/L
FeS0,4-7H20 0.01 g/lL
MnS0O4-H20 5 mg/L
ZnCl; 6.4 mg/L
of CaCl; 6H.0 1 mg/L
BaCl, 0.6 mg/L
CuS04-5H,0 0.4 mg/L
CoCl-6H20 0.4 mg/L
H3BO3 6.5 mg/L
EDTA,; 10 mg/L
HCI (37%) 146 pl/L

4.1.1 Adjustment of osmotic AWo and matric AWwm potentials of growth
media

Sodium chloride and PEG 8000 were used to change the osmotic and matric potentials
of mineral medium by -0.5, -1.5, -2.5 and -3.5MPa. High molecular weight PEGs are
used to reduce the matric potential in a growth medium, as they are too large to
penetrate cell walls, but rather reduce the water potential by retaining the water in their
macromolecular structure. Thus, they can lower the matric potential in the growth
medium, mimicking the conditions in dry soil (Steuter et al., 1981). The amount of PEG
8000 and NaCl to be added were calculated based on the equation 1(Michel and

Kaufmann,1973), and equation 2, respectively:
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[PEG] =4 — (5.16 * ¥ x T — 560 * ¥ + 16)°5/(2.58 x T — 280) 1)
W = —iCRT @)

where [PEG] amount (g) was calculated based on W water potential (Pa), and T is the
air temperature (K), i- the number of ions formed due to dissociation of NaCl, C is the
molar concentration of NaCl used and R is the gas constant (8.31 J mol* K?).
To verify the achieved water potentials of the samples, water activity (Aw) of the liquid
and solid media were measured with the LabMaster®-aw instrument (Novasina AG,
Switzerland). For Ay measurement 5 ml of liquid and solid media was filled into dry
sample cup (& 40 mm, 12 mm, polypropylene, ePW sample cups, Novasina). System
parameters were set at 5 min stabile observation time for temperature and water
activity. The measurements were performed at 30°C. Measured A, values were
converted to osmotic and matric water potentials using equation 3 (Campbell and
Gardner,1971):

¥ =R+*T *InAw 3

where W is the water potential (Pa), R is the gas constant (8.31 J mol! K1), and T is

the air temperature (K).

Water potentials values, derived from Aw measurements were used for presentation
and interpretation of the obtained results, rather than the calculated values presented
in Table 3.

Table 3 Used concentrations of NaCl and PEG 8000 and corresponding osmotic and

matric potential values of liquid and solid mineral salt media.

Measured shift in water potential of the media

[MPa]
Osmotic potential Matric potential

intended shift in NaCl PEG 8000
water potential (g/L) o os (g/L) P
0 0 0.0 0.0 0 0.0
A 0.5 6 -0.6 -05 208 -0.9
A15 18 -2.0 -15 384 -25
A25 29 -2.9 -2.7 500 -3.7
A 3.5 41 -4.6 -3.8 592 -4.6
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4.1.2 Growth inhibition in submersed culture

For growth inhibition experiments in submersed culture 50 ml of sterile mineral salt
media supplemented with different amounts of NaCl or PEG 8000 (Table 3) was
inoculated with overnight cultures, to obtain initial optical density (ODsgo) of ~ 0.05 in
250 ml glass vials. The vials were incubated at 30°C on an orbital shaker (160 rpm).
The duration of incubation varied between strains, due to species specific growth rates
and are presented in Table 7 (Appendix).

Cell growth was monitored by optical density measurement using a Perkin Elmer
UV/VIS Spectrophotometer (UV-Vis Spektrometer: Lambda2S, Perkin/Elmer,
Waltham, USA). Cells were harvested in the exponential growth phase by
centrifugation at 11,000 g for 15 min (Hermle Z383K), resuspended in 2 ml KNO3 (10
mM, pH 7.0) and transferred to 2 ml reaction tubes. Each sample was washed twice
with 2 ml KNOs followed by 1 min centrifugation at 10,000 g. The washed biomass was

resuspended in 1 ml KNO3; and stored overnight at 5°C until contact angle analysis.

4.1.3 Growth inhibition in surface culture

Five ml of solid mineral salt media was inoculated with a 5 pl-drop of the overnight
culture in the center and incubated at 30°C. For ODsgo measurements the colonies
were resuspended in 2 ml KNOs by vigorous pipetting. At the end of incubation, the
biomass was washed twice as described in section 4.1.2 and stored till further analysis.
The growth inhibition is presented as percent of growth rate of the corresponding
unstressed controls. The growth rate p [h] of each culture (surface and submersed)
in the exponential growth phase was calculated based on the equation 4 (Keweloh et
al.,1989):

Inxe,—Ilnxe,
ty—ty

ulh™] (4)

where xu and X are the optical density of the samples at the beginning (t1) and end (t2)

of the incubation, respectively.

16



MATERIALS AND METHODS

4.2 Incubation experiment with bacterial cell-mineral
associations (CMA)

4.2.1 Microorganisms and growth conditions for CMAs

For CMA incubation experiment B. subtilis and P. fluorescens were grown as described
in section 4.1.2, with glucose being used as C source, instead of sodium succinate.
Both strains were grown in mineral salt media without or with addition of 0.5 M NacCl.
Growth of the strains was monitored via optical density measurements. Cell number
was estimated using a coulter counter Multisizer 3 (Beckman Coulter, High Wycombe,
UK). The cells were harvested by centrifugation (10,000 g for 10 min) and washed

twice with 10 mM KNOs; solution and stored overnight at 5°C.

4.2.2 Cell-mineral association preparation and incubation conditions

Unstressed and osmotically stressed cells of B. subtilis and P. fluorescens were
suspended in 10 mM KNOs; solution and mixed with washed and calcined medium-
grained quartz (0.2-0.8 mm; Merck KGaA, Darmstadt, Germany), with concentration
of 10° cells g quartz. The cell mineral associations were supplemented with soil
extract. Briefly, 5 g of soil per 180 g of dry quartz, obtained from Calvorde (CAL),
located in the Altmark region in Saxony-Anhalt (52°22.82' N, 11°17.41 + ' E), were
shaken for 2 hours at an average speed in 20 ml 10mM CacCl,, centrifuged for 10 mins
at 2000 g. Supernatant was transferred into a new tube and centrifuged for 20 mins at
10000 g. The pallet was suspended in 10 ml CaCl; and added to the CMAs. Minerals
supplemented with only the bacteria extracted from CAL soil were used as control. The
samples were well mixed to ensure homogenous distribution in 1 | Duran glass bottle
with a rubber sealed cap. Water content of the samples was adjusted to 50% of the
water holding capacity (WHC) of quartz. A glass vial containing 10 ml 2M NaOH was
placed in the bottle to trap CO: produced as a result of microbial respiration and was
replaced with every sampling.

The cell mineral associations were incubated under controlled laboratory conditions in
the darkness and a constant temperature of 20 + 2°C. The samples were opened after
2,4,8,16, 32,50 and 80 days, 10 g of sample was removed for future analysis. CMAs
with B. subtilis were incubated for 80 days and the ones with P. fluorescens for 50

days.
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4.3 Incubation experiment with natural soil

4.3.1 Site description and soil sampling

For the soil incubation experiment soil was collected from two different beech (Fagus
sylvatica L.) forests, located in northern Germany, characterized by contrasting
hydroclimatic conditions (Goebel et al, 2019 (unpublished)).

Liss (LUE), located in the Lineburg Heath in Lower Saxony (52°49.83' N, 10°18.99'
E) at 117 m a.s.l, is characterized by mean annual temperature of 8.7°C and mean
annual precipitation (MAP) of 816 mm (Meier et al.,2018). In contrast, CAL site is
located in the Altmark region in Saxony-Anhalt (52°22.82' N, 11°17.41' E) at 105 m
a.s.l. and is characterized by a mean annual temperature of 9.3 °C and a mean annual

precipitation of 594 mm (Meier et al., 2018).

Table 4 Physico-chemical properties of CAL and LUE soils

soll

CAL LUE
pH 29+0.0 3.3£0.0
C (%) 8.2+0.2 6.2+ 0.0
N (%) 0.4+0.0 0.3+0.0
C/N 21.1 18.6
Clay (%) 5.2 5.5
Silt (%) 10.9 26.1
Sand (%) 83.9 68.3
Gravimetric WC at pF2.5 (%) 23.2+0.6 29.4+04
Gravimetric WC at pF4.2 (%) 16.3+0.2 156+1.9
Contact angle (°) 128+ 6 82+7

Both soils were classified as podzolic Umbrisols (spodic Dystrudepts) developed on
fluvioglacial sandy deposits from the penultimate Ice Age (Saale) (Knutzen et al.,
2015). Soil samples were collected from the A horizon (0-2 cm) at both sites in
November 2018, sieved < 5 mm to remove larger roots and stones and stored at 4°C

until further use. The physico-chemical properties of both soils were analyzed after
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collecting from the field and are presented in Table 4(Goebel et al,
2019(unpublished)).

4.3.2 Soil texture and water retention properties

Particle size distribution of material <2 mm was determined by wet-sieving and
sedimentation analysis (Gee and Bauder, 1986) after organic matter destruction with
35% H>0, and chemical dispersion with 0.05 M NasP.O;. Water retention properties
were determined by measuring soil water content on material adjusted to -32 kPa
(pF2.5) and -1500 kPa (pF4.2) in a pressure chamber (Eijkelkamp Soil & Water,
Giesbeek, The Netherlands).

4.3.3 Sample preparation and incubation modes in soil incubation

experiment

To adjust soil water content to water potentials of pF2.5 and pF4.2 the soils were
adjusted to 45% water content, by adding deionized water, then air-dried at 20°C until
the respective pF values were reached. Both soils (CAL and LUE) were incubated in
three incubation modes: “wet” mode, in which the soil moisture was maintained
constant at its field capacity (pF2.5), “dry” mode at constant water potential of pF4.2
(at permanent wilting point) and “intermittent” mode, with varying water potential
between pF2.5 and pF4.2. In the “intermittent” incubation mode, samples were initially
adjusted to pF2.5 and left to dry for 30 days. After 30 days samples were taken for
contact angle and chemical analysis and the soil was rewetted by addition of deionized
water to reach pF2.5.

Additionally, to accentuate the contribution of microbial biomass to soil wettability,
microbial growth was induced by the addition of an easily degradable substrate. For
this, one half of each soil was amended with a mixture containing 84.2 mass-% glucose
(CeH1206), 13.7 mass-% diammonium sulfate ([NH4]>SO4), and 2.1 mass-% potassium
dihydrogenphosphate (KH2POa; 1ISO-17155:2012,2012). Of this substrate, an amount
of 0.4 g g** soil organic C was added to the soil, corresponding to 32.7 and 25.0 g kg-
1 dry soil for CAL and LUE, respectively. Overall, 27 samples per soil variant were
prepared to allow sampling at three time points of three physical replicates incubated
in three different modes.

For each sample 10 g dry soil was filled into a sterile glass vial (5 cm height; 2.75 cm
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inner diameter; baked out at 300°C) and adjusted to a bulk density of about 0.8 g cm-
% by pressing. Soil samples were placed in sealable acrylic glass boxes, containing
vessels with polyethylene glycol (PEG) solutions (PEG 1000, Sigma Aldrich) to keep
the soil water potential constant. The respective concentration of the PEG solution was
calculated by Raoult’s law (equation 5; Wheeler et al., 2012) and equation 6 (Campbell
and Gardner, 1971):

P 1

== 3)

P, (1+1_’¥Mp) )

p=FRa,, p (6)
Mw " p,

where p and po are actual and saturated vapor pressure (Pa), respectively, X is the
mass fraction of PEG, M,, and M, are the molecular weights of water (0.018kg mol?)
and PEG (1kg mol?), respectively, ¥ is the water potential (Pa), R is the gas constant
(8.31 J mol? K1), and T, is the air temperature (K). For 20°C (Ta = 293.15 K) this
yielded PEG mass fractions of 0.013 and 0.396 for water potentials of -32 kPa (pF2.5)
and -1500 kPa (pF4.2), respectively. The incubation boxes were additionally sealed
with Parafilm® M (Bemis Company, Inc., Oshkosh, USA) and plastic covers to ensure
air tightness. The incubation was carried out in a thermostatic cabinet (Lovibond TC
255 S, Tintometer GmbH, Dortmund, Germany) at 20 £ 0.2°C in the dark. The position
of the boxes within the cabinet was regularly changed to minimize potential thermal
stratification effects. After incubation times of 29, 60, and 88 days three replicate

samples of each incubation mode were taken for further analysis.

4.4 Chemical analyses

4.4.1 COz2measurement

Microbial respiration was determined by quantifying the carbon dioxide (CO) released
from CMAs during the incubation at 20°C. The CO; trapped in 2 M NaOH solution was
measured TOC-5050, Duisburg, Germany). To quantify the CO- concentration for the
samples the CO. concentration of the control with no addition of bacteria was
subtracted. Cumulative concentration of CO»-C was calculated and is presented as
percent of initially added C (Miltner et al., 2005).
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4.4.2 Total bacterial biomass C

For total bacterial biomass derived organic C measurements 30-50 mg, ground to fine
powder, CMAs were weight into 10x10 mm tin capsules (Hekatech GmbH, Germany)
and analyzed on elemental analyzer-combustion-isotope ratio mass spectrometer (EA-
C-irMS; Finnigan MAT 253, Thermo Electron, Bremen, Germany (Girardi et al., 2013);
coupled to Flash EA 2000 (ThermoFinnigan). Temperature in the oxidation reactor was
set to 1020°C and the reduction reactor was 650°C. Acetanilide (Hekatech GmbH,
Germany) standard curve was used for C concentration calculation in the

samples(Adam et al., 2015).

4.4.3 Phospholipid fatty acid analysis

PLFA are known to be present only in intact living bacterial cells and degrade fast once
the cell is dead (Jenkinson and Ladd,1981), therefore they are used for estimation of
living microbial biomass and microbial community composition (Frostegard and Baath,
1996). To analyze the total living bacterial biomass and the relative abundance of
different microbial groups phospholipid fatty acids were extracted both from soil
samples and CMAs. For the extraction 1 g of soil and 2 g of CMA were used ((Bligh
and Dyer, 1959), modified by (Miltner et al., 2005)). To each sample 2 ml phosphor
buffer, 5 ml methanol and 2.5 ml chloroform were added, and the mixture was shaken
for 2 h on a rotary shaker (Infors HT, Bottmingen, Switzerland). After shaking, 2.5 ml
of deionized water and 2.5 ml of chloroform was added and left overnight, to achieve
phase separation. Following the phase separation, the bottom chloroform phase was
collected and dried over sodium sulfate and evaporated under N,. This phase was then
fractionated into neutral lipids, glycolipids and PLFA according to (Miltner et al., 2005)
by eluting the sample over silica columns (Unisil) previously washed with ammonium
acetate (0.02 M). The total lipids were eluted to neutral lipids, glycolipids and PLFA by
subsequent addition of 5 ml chloroform, 5 ml acetone and 15 ml methanol. The
methanol phase, containing the PLFA, was collected and evaporated under N». The
PLFA were resuspended in the mixture of methanol/Trimethylchlorosilane [(TMCS),
9:1; v: v] and methylated at 60°C for 2 h and dried under N (Thiel et al., 2001). Prior
to the injection into the GC/MS with BPX-5 column, the samples were dissolved in
hexane and heneicosanoate methyl ester (BAME 21:0) was added to each sample and
in internal standard. The following program was used for the analysis: initial
temperature 50 °C (hold for 1 min), heat to 250°C (0 min) at 4°C/min and finally to
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300°C (10 min) at 2°C/min. The injector was set to 280°C and the samples were
injected splitless. The transfer line was held at 300°C and the helium flow was set to

2.5 ml per minute.

Table 5 Phospholipid fatty acids (PLFASs) used as biomarkers in this study, with their

shorthand (part 1)

PLFA groups

PLFA markers

PLFA biomarker

Sum of all PLFA

total living microbial
biomass (Frostegard and
Baath,1996)

Saturated fatty acids

Straight chain

Terminally branched

Mid chain branched

Cyclopropane

14:0, 15:0, 16:0, 17:0,
18:0, 19:0, 20:0

i15:0, al5:0, i16:0, i17:0,
al7:0

10mel6:0, 12mel6:0,
10mel7:0, 10mel8:0

Cy 17:0, Cy 19:0

general bacteria

Gram positive bacteria
(Zelles, 1997)
Actinobacteria
(Kroppenstedt, 1985)
Environmental stress in
G-bacteria (Ramos et al.,
2001)

Unsaturated fatty acids

Monounsaturated

Polyunsaturated

16;1w9, 16:1w9, 16:1wW7,
18:1w9, 18:1w7, 18:1w5

18:2w6,9

G- bacteria (Unell et al.,
2007)

Fungi (Frostegard and
Baath,1996)

Fungi/ bacteria

Polyunsaturated/
monounsaturated+
terminally branched+ mid
branch chained+

cyclopropane fatty acids

Reduced C and nutrient

availability (Wang et
al.,2020b)
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Table 5 Phospholipid fatty acids (PLFASs) used as biomarkers in this study, with their
shorthand (part 2)

Microbial stress indicators

Reduced C and nutrient
G+/G- Branched/Monounsaturated availability (Wang et
al.,2020b)

Slow metabolic activity due
cylpre cy17:0+ ¢cy19:0/ 16:1w7+ 18:1w7 _
to environmental stress

Iso/antiiso i15:0+i16:0+i17:0/ a15:0 + al7:0 Stress in G+ bacteria

Stress in bacteria of the
_ 16:1w7t+18:1w7t/ 16:1w7c+
trans/cis genera Pseudomonas and

18:1w7c o o
Vibrio (Heipieper et al.,2003)

Fatty acid peaks were identified based on the retention time and comparison of mass
spectrum with standard Bacterial Acid Methyl Esters (BAME). Standard nomenclature
is used to describe FAMEs. They are designated by A: B w C, where A indicated the
total number of carbon atoms, B is the number of double bonds and C indicates the
position of the double bond from the methyl end of the molecule. The prefixes “a” and
“iI” refer to anteiso-and iso-branched fatty acids. The prefix “xMe” indicates a presence
and the position of methyl group, relative to the carboxyl end of the molecule, and “cy”
indicates cyclopropane fatty acids. Fatty acids were grouped based on their structural
characteristics and their use as biomarkers for broad taxonomic microbial groups or
as stress indicators and are presented in the Table 5. PLFA concentrations are
presented as nmol g of soil. The abundance of specific fatty acid groups is presented
as percent of total PLFA. The sum of all the PLFA represent total viable microbial
biomass.

Polyunsaturated fatty acid 18:2w6 was used as an indicator of fungal biomass
(Frostegard and Baath, 1996). Gram positive bacteria were indicated by terminally
branched fatty acids (i15:0, a15:0, i16:0, i17:0, al17:0), Gram-negative bacteria by
monounsaturated PLFAs (16;1w9,16:1w9, 16:1w7, 18:1w9, 18:1w7, 18:1w5, cy17:0,
cy19:0; Wilkinson and Ratledge, 1988; Zelles, 1997) and Actinobacteria biomass by
mid chain branch fatty acids (10mel6:0, 12mel6:0, 10mel7:0, 10mel8:0;
Kroppenstedt, 1985; Lechevalier, 1977). Detected saturated fatty acids (14:0, 15:0,
16:0, 17:0, 18:0, 19:0, 20:0, br16:0) and branched monounsaturated fatty acids (br16:1
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and brl17:1) were not attributed to a specific microbial group but were included into the

calculations of total PLFA.

Additionally, ratios of fungal to bacterial PLFA, G+/G- and cyclopropane fatty acids to
their precursors were calculated. Ratio of fungal to bacterial and G+/G- bacterial PLFA
are associated with increase in microbial community structure resistance to nutrition
stress (Wang et al., 2020b). G+ bacteria and fungi considered K-strategists, meaning
that they exhibit higher tolerance to stress and are able to grow more slowly on
substrate-limited environments (De Vries and Shade, 2013). Another stress indicator
in G+ bacteria is the change in the iso/anteiso ratio, which has been shown to occur
as result of environmental stress (Unell et al., 2007). Increase in ratios of trans to cis
monoenoic and cyclopropane fatty acids to its monoenoic precursors are used as
stress indicators for G- bacteria, therefore were also calculated in this study.

4.4.4 Organic C and N content

To determine the organic C and N content of the soils were determined in duplicate by
dry combustion and infrared detection of CO, and thermal conductivity measurement
of N2 using a Vario EL lll Elemental Analyzer (Elementar Analysensysteme GmbH,

Hanau, Germany) on oven-dried (105°C) powdered (ball-milled) material.

4.5 Determination of surface hydrophobicity

4.5.1 Preparation of bacterial lawns for water contact angle
measurements

To obtain information about bacterial cells surface hydrophobicity of pure cultures,
contact angle of the samples obtained during growth inhibition experiments were
measured. Depending on the OD of the samples, 100-500 ul of the biomass was
suspended in 20 ml KNO3 and the suspension was filtered through a cellulose nitrate
membrane filter (pore size 0.45 um, @ 25 mm, NC 45, Whatman) until the passthrough
was ceased, to produce a homogenously covered filter surface. The filters were
mounted to a microscope slide with double-sided adhesive tape and dried for two
hours. For each sample 2 filters were prepared, and 4 measurements were made at
ambient laboratory air temperature and humidity per filter at different spots and the

average for 0 [°] was calculated.
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4.5.2 Preparation of CMAs and soil samples for water contact angle
measurements

To measure the water contact angle of CMAs and soil samples used in incubation
experiment the samples were prepared according to (Bachmann et al., 2003). Briefly,
well homogenized samples were sprinkled on a glass slide covered with double-sided
adhesive tape and gently pressed, to get a thin homogeneous layer of soil particles.
After preparation the glass slides were left for 2-3 h at room temperature to dry.

4.5.3 Contact angle measurements

As a measure for cell surface hydrophobicity, the contact angle of pure cultures, CMAs
and soil samples were measured. The CA of the bacteria was measured with the
sessile drop method as described by van Loosdrecht et al. (1987, a). The CA of the
CMAs and soil samples were determined using the sessile drop method as described
by Bachmann et al. (2000). CA measurements of pure cultures and CMAs were
performed with drop shape analysis system (DSA 100, Kriss GmbH, Germany). A
single water droplet (3 ul volume at a flow rate of 40 ul/s) was placed on the sample
surface and the contact angle 6 [°] was determined by image analysis with the DSA
software. Contact angle of soil samples was measured using a contact angle
microscope (OCA 15, DataPhysics, Filderstadt, Germany). Immediately after
preparation initial contact angle was measured by placing 1 pl of deionized water
(instead of 3 pl used for measuring CA of bacteria and CMAs) and was evaluated at
the intersections of the drop contour line with the solid surface by automatic drop shape
analysis using the software SCA20 (DataPhysics, Filderstadt, Germany). CA values
between 0° to 90° show reduced wettability, values greater than 90° were considered
extremely hydrophobic (Goebel et al.,2011).

4.6 Microbial community structure analysis

4.6.1 DNA extraction and sequencing

The total genomic DNA was extracted from 0.5 g of soil sample, taken at the beginning
and end of the incubation, with ‘NucleoSpin Soil’ kit (Macherey-Nagel GmbH & Co.

KG, Diren, Germany) according to the manufacturer’s protocol using buffer SL2 with
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10 uL enhancer SX. The quality of the DNA was checked by 1% agarose gel
electrophoresis and DNA concentration was measured via a NanoDrop ND-1000
UV/VIS spectral photometer (PeglLab, Germany). The 16S rRNA genes were further
amplified and sequenced via lllumina MiSeq. The variable regions V3-V4 of the
bacterial 16S rRNA gene fragments were amplified (Forward primer-
5TCGTCGGCAGCGTCAGA TGTGTAT AAGAGACAGCCTACGGGNGGCWGCAG
and Reverse primer-5 'GTCTCGTGG GC
TCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC) (Vasileiadis et
al.,2012). The PCR products were further purified with AMPure XP beads via magnetic
stand. Index PCR with the purified PCR products was applied with the Nextera XT
Index kit to attach dual indices and Illumina sequencing adapters.

4.6.2 Data analysis

Amplicon sequence variant (ASV) was used in this study instead of operational
taxonomic units (OTUs) to determine the a-and B-diversities. Unlike OTUs, which are
clustered based on certain dissimilarity threshold (commonly used 3%) (Westcott and
Schloss,2015), ASVs allow to distinguish sequence variants differing by one nucleotide
(Callahan et al.,2017).

Shannon index and ASV counts (a-diversity) were determined using the R package
phyloseq (McMurdie and Holmes,2013). Differences in bacterial community
composition (B-diversity) were calculated using Bray-Curtis dissimilarity index based
on rarefied (122020 ASV counts per sample) ASV abundances. Permutational
multivariate analysis of variance (PERMANOVA) were calculated by “adonis2” function
in “vegan” R package using permutations to determine whether time, incubation modes
and substrate addition were significant factors driving the shifts in ASV abundance.
Further, ASVs which could be used to classify the difference between moisture
treatments were identified via Random Forest (RF) analysis and hereafter will be
referred to as “bioindicators” (classifiers). Random Forests is a data mining method
assembles of many decision trees with binary divisions (Breiman,2001; Wei et
al.,2018). In RA operates by constructing a multitude of decision trees trained with an
independent bootstrap sample, by randomly drawing some ASVs multiple times, while
others may not be drawn. The points not drawn into a bootstrap sample are the “out of
the bag” (OOB) samples, an accuracy predictor.

In order to determine bioindicators, the analyzes were conducted with three steps

(Rosado et al.,2019). Firstly, a RF constituted of 2000 trees were computed using the
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default settings of the “randomForest” function implemented in the “randomForest” R
package (Liaw and Wiener,2002). To assess the prediction accuracy, confusion
matrixes of OOB error were generated, using the rarified relative abundance of ASVs
with “Time” and “Time + Water regime” as factors. Due to abundance of shared ASVs
between the “wet” and “dry” incubation modes at the beginning of the incubation and
between “wet” and “intermittent” modes at the end of the incubation, the OOB error for
classification of ASVs using “Time + Water regime” as factor was high. To overcome
this problem, the ASVs were grouped into new groups. All the ASVs identified in “wet”
and “dry” soils at the beginning of the incubation were combined into one group. ASVs
identified in the soils at “wet” and “intermittent” at the end of the incubation into second
group, thus leaving the soil at “dry” at the end of the incubation as a separate group.
The variable importance of ASVs was calculated via Mean Decrease Gini for “Time”
and “Time + Water regime” factors. Mean Decrease Gini is a measure of how important
a variable is for classifying the data across all trees making up the forest. A higher
Mean Decrease in Gini indicates higher variable importance, meaning higher loss of
accuracy if the variable is excluded. Optimal breakpoints, below which the importance
of a variable in the model is insignificant, were estimated using the “breakpoints”
function included in the “strucchange” R package. ASVs with Mean Decrease Gini
values above the breakpoint curve were chosen to be part of the classifier (approx. 30
ASVs for each factor). Afterwards the potential bioindicator ASVs important for only
Water regime were identified by deducting the ASVs that were relevant for both Time
and Water regime. Finally, the obtained bioindicators were checked for their
significance between the water regimes via the LSMEANS test with pair-wise methods
adjusted by false discovery rate (FDR) correction (Lenth,2016). About the same
number of ASVs were selected as bioindicators for both soils, 13 ASV for CAL and 15
ASV for LUE soil. To highlight the ASVs which were significantly pairwise associated
with incubation modes and sampling time (P < 0.05), ASVs were divided into three
groups: beginning “wet” + “dry” vs. end “wet” + “intermittent” (group 1), beginning “wet”
+ “dry” vs. end “dry” (group 2) and beginning “wet” + “intermittent” vs. end “dry” (group
3).

4.7 Statistical analysis

All statistical analysis was performed by means of RStudio software. The significance
of the differences between treatments in stress experiments with pure cultures and

CMA incubation experiment was determined by two-way ANOVA followed by a
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pairwise t-test comparison with Bonferroni adjustment. Relative importance of
identified PLFA groups between different incubation modes and substrate
amendments in the soil incubation experiment were analyzed by Repeated Measures
ANOVA, using time as a within-subjects’ factor. The data are presented as arithmetic

mean + standard error.
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5 RESULTS

5.1 Bacterial growth in pure culture experiment under water
stress

To investigate the differential impact of osmotic and matric stress on the growth and
surface hydrophobicity of bacteria, pure culture experiments were performed in liquid
mineral media, where 6 different bacterial strains were grown in presence of NaCl-
induced osmotic and PEG 8000-induced matric stress. The growth inhibition and
changes in cell surface contact angle were measured. Furthermore, the impact of
osmotic stress was assessed in surface growth, to apprehend information on the
response to osmotic stress in conditions more like ones in soil. The impact of matric
stress in surface growth was not investigated, due to shortcomings of the plate
preparation method. Growth of the strains was monitored by ODsgo measurements,

and the results are presented in Figure 4 and Table 6.

Table 6 Growth rates of bacteria in mineral salt medium expressed as change in ODsgo

per hour
Stress type osmotic matric
Growth condition submersed surface submersed

A. chlorophenolicus A6 0.43 £ 0.04 0.09 £ 0.02 0.44 £0.04

B. subtilis 0.37+£0.04 0.15+0.01 0.39 + 0.07
M. pallens 0.1 +£0.02 0.05+0.02 0.11 £ 0.02
N. aromaticivorans 0.11+0.1 0.14+0 0.15+0.02
P. fluorescens 0.45+0.05 0.2+0.02 0.47 +0.07
R. erythropolis 0.24+£0.04 0.18 £ 0.02 0.25+0.02

The results showed, that the unstressed cultures of B. subtilis, A. chlorophenolicus and
P. fluorescens exhibited higher growth rates, compared to M. pallens, N.
aromaticivorans and R. erythropolis during submersed growth. However, during

surface growth, the growth rates of the slow growing strains were not affected, while
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the growth rates of the fast-growing strains (B. subtilis, P. fluorescens and A.

chlorophenolicus A6) significantly lowered.
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Figure 4 Effect of osmotic and matric stress on growth rate ofA P.
fluoresecens, e A. chlorophenolicus, m B. subtilis, o N. aromaticivorans,
0 M. pallens, R. erythropolis exposed to a) osmotic stress in submersed
growth, b) osmotic stress in surface growth and c) matric stress in
submersed growth. The values are arithmetic mean of n = 3
measurements with the error bars indicating the standard error.
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Furthermore, bacterial growth inhibition as a result of both osmotic and matric stress
in submersed and surface growth conditions was observed. G+ strains, with exception
of R. erythropolis, were more susceptible to osmotic stress during surface growth,
while the opposite was observed in case of G- bacteria. When grown on the surface,
N. aromaticivorans, P. fluorescens, R. erythropolis exhibited higher tolerance to
osmotic stress, compared to submersed growth, with the least susceptible being R.
erythropolis (growth inhibition of 24 % 0.35%), and most affected being N.
aromaticivorans (growth inhibition of 52 + 2%). Growth of B. subtilis and M. pallens
was more affected by low osmotic potential on surface growth compared to submersed
growth. A. chlorophenolicus was similarly susceptible to osmotic stress under both
growth conditions.

5.1.1 Bacterial growth inhibition under osmotic and matric stress

Impacts of different levels of matric and osmotic stress on the growth of the
abovementioned strains were monitored, and the growth inhibition relative to the
unstressed cultures at each stress level is presented in Figure 5. The water potential
of the liquid growth media was -1.0 £ 0.1MPa (corresponding to pF4.0 + 0.1) and was
reduced by addition of different amounts of NaCl and PEG 8000 to lowest water
potential of -5.7 £ 0.1 MPa (corresponding to pF4.7 + 0.0) and -6.0 £ 0.1 MPa
(corresponding to pF4.8 £ 0.0), respectively. The values in Figure 5 are presented as
change in water potential relative to the control treatment (mineral media without NaCl
or PEG 8000).

For most strains significant growth inhibition was observed when the water potential of
the growth media was below -2 + 0.1 MPa. At lower water potential values 4 out of 6
strains were more susceptible to matric stress, with >90% growth inhibition at Wy= -
4.6 + 0.1 MPa, with exception of A. chlorophenolicus A6 (71 + 2%) and B. subtilis (46
+ 0.5%).

No growth inhibition was observed at higher water potential values for B.subtilis in case
of both, matric (Ww=-0.9 + 0.1 MPa) and osmotic (Wo = -0.5 £ 0.1 MPa) stress.
However, when exposed to matric stress, the growth rate was inhibited by 60 + 0%
already at Wy=-2.5 + 0.2 MPa. Osmotic stress had only slight impact on the growth of
B. subtilis at water potential of Wo = -2.9 £ 0.2 MPa with maximal growth inhibition of
only 24 +1.2% at Wo = -4.6 + 0.1 MPa.

Growth of P. fluorescens, R. erythropolis and A. chlorophenolicus A6 were inhibited

under both stress conditions. Slight increase in matric potential (116 + 5% at Wv=-0.9
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+ 0.1 MPa) induced the growth of P. fluorescens, however, further reduction resulted
in drastic growth inhibition (55 £ 3% at Ww=-2.5 + 0.2 MPa), with full growth inhibition
at Wu=-3.7 £ 0.2 MPa.
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Figure 5 Growth inhibition of bacterial strains, expressed as % of unstressed
culture, in different growth conditions: A - growth inhibition by osmotic stress
submersed growth, e- growth inhibition by osmotic stress surface growth and = -
matric stress in submersed growth.

In the presence of osmotic stress, no growth inhibition was observed until the water
potential of Wo = -2.0 £ 0.1 MPa, followed by gradual growth inhibition up to 73 + 1%
at Wo =-4.6 + 0.1 MPa. Exposure of R. erythropolis to matric stress resulted in gradual
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growth inhibition with decreasing water potential, with full growth inhibition at Wy=-3.7
+ 0.2 MPa. Growth inhibition to 51 + 1% was observed due to osmotic stress at Wo =
-2.5 £ 0.1 MPa, with no further impact of reduced osmotic potential.

The opposite pattern was observed with A. chlorophenolicus A6: exposure to osmotic
stress resulted in gradual growth inhibition with reduced water potential, with maximal
inhibition of 82 + 2.1% at Wo = -4.6 + 0.1 MPa. Up to matric potential of Wo =-2.5+ 0.2
MPa no growth inhibition of A. chlorophenoilicus A6 was observed. However, further
reduction of matric potential resulted in significant growth inhibition, with 71 =-4.6
0.1 MPa.

Growth of N. aromaticivornas was inhibited by 65 + 15% already at water potential of
Yo =-0.5+ 0.1 MPa when exposed to osmotic stress, followed by full inhibition at Wo
= -2.0 £ 0.1 MPa. The strain was slightly more tolerant to matric stress. No growth
inhibition was observed at Wy=-0.9 = 0.1 MPa. Further reduction resulted in gradual
growth inhibition, reaching 70 + 5% inhibition at Wy = -2.5 + 0.1 MPa. Full growth
inhibition of N. aromaticivornats was observed only at Wo =-4.6 £ 0.1 MPa.

The growth of M. pallens was slowly inhibited with decreasing osmotic potential,
reaching up to 72 £ 2.9% at osmotic potential Wo = -4.6 + 0.1 MPa. Significant increase
in the growth of M. pallens was observed at matric potential of Wy =-0.9 £ 0.1 MPa.
However, further reduction had no impact. Growth inhibition was observed starting at
Wy= -3.7 £ 0.2 MPa matric potential, with maximal of 93 + 2.8% growth inhibition at
WYu=-4.6 + 0.1 MPa.

5.1.2 Differential impact of osmotic stress on bacterial growth in
surface and submersed growth

Most of the strains responded to osmotic stress differently in submersed growth
compared to surface growth (Figure 5), except for. P. fluorescens and A.
chlorophenolicus. Their growth inhibition followed the same trend during surface and
submersed growths. Growth of P. fluorescens was similarly inhibited in both growth
conditions until Wo = -2.9 £ 0.2 MPa osmaotic potential in submersed (32 + 5%) and
Wos= -2.7 £ 0.2 MPa in surface growth (23 + 1.6%), respectively. Further reduction of
water potential of the growth media resulted in growth inhibition of 73 + 0% at Wo = -
4.6 = 0.1 MPa in submersed growth and 43 = 1% at Wos= -3.7 + 0.2 MPa in surface
growth. Growth of A. chlorophenolicus A6 was similarly inhibited in both growth
conditions, with highest inhibition of 82 £ 2% and 72 £ 0% at Wo =-4.6 + 0.1 MPa and

Wos=-3.7 £ 0.2 MPa, in submersed and surface growth, respectively.
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In submersed growth B. subtilis was more resistant to increased osmotic stress,
compared to surface growth. The growth was only slightly inhibited (8 + 0%) in
submersed growth until Wo = -2.9 + 0.2 MPa, while in surface growth at Wos= -2.7 +
0.2 the growth was already 23 + 0% inhibited. B. subtilis showed maximal inhibition of
45 £ 0.15% at Wos= -3.7 £ 0.2 MPa in surface growth, compared to only 24% at Wo =
-4.6 £ 0.1 MPa in submersed growth.

R. erythropolis and N. aromaticivorans exhibited higher tolerance towards osmotic
stress in surface growth, compared to submersed growth. In surface growth the growth
of R. erythropolis gradually reduced with increasing osmotic stress, reaching a
maximal growth inhibition of 25 + 0% at Wos=-3.7 £ 0.2 MPa. In submersed growth 50
+ 2% growth inhibition already at Wo = -2 £+ 0.1 MPa (Figure 5), however, further
increase in osmotic stress did not affect the growth of R. erythropolis. Full growth
inhibition of N. aromaticivorans was observed already at Yo = -2.8 £ 0.2 MPa in
submersed growth, while maximal growth inhibition of 48 + 0% was observed in
surface growth already at Wos =-2.7 + 0.2 MPa, with no further impact. Only the growth
of M. pallens was fully inhibited during surface growth already at Wos = -1.5 MPa water
potential. In submersed growth, increased osmotic stress resulted in gradual decrease
in growth, with 72 £ 2.9% growth inhibition at Wo = -4.6 + 0.1 MPa.

In the stress exposure experiment growth inhibition of all strains has been observed
under both stress types (matric and osmotic), with matric stress having a stronger
impact at lower water potentials, compared to osmotic stress. Furthermore, the impact
of osmotic stress on growth inhibition was observed in both growth conditions
(submersed and surface). However, no consistent trends were observed in growth
inhibition. Bacterial response to water stress varied depending on the strain, growth

condition and stress type.

5.2 Bacterial cell surface hydrophobicity

Changes in cell surface hydrophobicity due to exposure to osmotic stress were
measured through contact angle measurements, which is one of the most commonly
used method to measure the level of hydrophobicity of a surface. Contact angle values
of unstressed controls ranged between 35° and 110° degrees, depending on the strain.
The impact of osmotic and matric stress on surface hydrophobicity has been studied.
As a response to reduced water potential, an increase in cell surface hydrophobicity
was observed for most of the strains for one or both stress conditions. Increase in

contact angle already occurred at water potential values of Wo=-0.55 £ 0.1 MPa when
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exposed to osmotic stress, and Wy=-0.85 £ 0.1 MPa in case of matric stress, for most
strains, with exception of N. aromaticivorns in presence of matric stress.

No significant difference was observed in the unstressed controls between surface and
submersed growth, with exception of A. chlorophenolicus A6, which exhibited
significantly higher CSH during surface growth (70 + 2°), compared to submersed (45
+ 0°) growth.

5.2.1 Differential impact of osmotic and matric stress on the cell

surface hydrophobicity

Different patterns of stress response were observed when comparing the impact of
matric and osmotic stress on contact angle of studied strains (Figure 6). Results
indicate that B. subtilis was affected by both matric and osmotic stress, reaching
contact angle of 8o, m = 77 £ 2°, in both stress conditions. Increase in contact angle
was also observed for P. fluorescens when exposed to both, osmotic and matric stress,
reaching maximal contact angle values of 60=84 * 4.4° and 6y =91 + 6.8°, at water
potential values of Wo =-2.9 £ 0.2 MPa and Wy =-3.7 + 0.2 MPa.

R. erythropolis exhibited high contact angle already in the unstressed controls (By =
104 + 4.3° and 8o = 109 + 3.2°), with no further significant impact of neither matric, nor
osmotic stress.

Matric stress had no impact on the surface hydrophobicity of A.chlorophenolicus.
Contrary to this, with reducing osmotic potential the contact angle of the strain
increased to Bo= 82 *+ 5° at water potential of Wo =-4.6 £ 0.1 MPa, compared to
unstressed control 8o = 44 + 5°.

When exposed to matric stress, N. aromaticivorans exhibited reduced contact angles
(6w =47 £ 3°), compared to the unstressed control (6o = 61 £ 5°) at water potential of
Wn=-0.85 = 0.1 MPa, with slight increase at lower water potentials, reaching contact
angles of By = 77 £ 5° at Wy=-2.5 £ 0.2 MPa. Osmotic stress had no significant impact
on surface hydrophobicity of N. aromaticivorans. Exposing M. pallens to osmotic stress
resulted in slight increase of contact angle to 60= 91 + 3° at water potential of Wo = -
0.54 + 0.1 MPa, compared to the unstressed control (6o= 82 + 4°), with no further
impact of reduced water potential. On the other hand, when exposed to matric stress,
contact angle of M. pallens increased to 6= 110 + 1.9° at water potential of Wy = -

0.85 + 0.1 MPa. Further reduction of matric potential, led to reduced contact angle (6m
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=92°*5.1 at Wy=-2.5 £ 0.2 MPa). Due to lack of biomass for CA measurements, no

values were obtained for M. pallens and N. aromaticivornas at low water potentials.
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Figure 6 Bacterial cell surface hydrophobicity, expressed as contact angle, in
different growth conditions: A - growth inhibition by osmotic stress submersed
growth, e - growth inhibition by osmotic stress surface growth and = - matric stress
in submersed growth.
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5.2.2 Differential impact of osmotic stress on the cell surface
hydrophobicity under surface and submersed growth

In surface growth, contact angles of unstressed controls of all strains, with exception
of A. chlorophenolicus A6, were similar to those of grown in submersed conditions. No
impact on B. subtilis and R. erythropolis surface properties occurred as a result of
reduced water potential in surface growth (Figure 6).

No significant difference between unstressed controls of P. fluorescens was observed
during submersed (6o = 45 + 3°) and surface growth (Bos= 51 + 4°). During surface
growth the impact of osmotic stress on P. fluorescens followed the same pattern as in
submersed growth. Contact angles increased with reduction of water potential,
reaching Bos =78+ 3° at water potential of Wos=-1.5 £ 0.1 MPa, and stayed unchanged
at lower values.

Higher contact angle values of unstressed control during surface growth, compared to
submersed growth (6o = 44 + 0° and Bos = 70 = 2°) were observed for A.
chlorophenolicus A6. As a result of osmotic stress in surface growth the contact angle
of the strain decreased to B0s= 56 + 3° at water potential of Wos=-3.7 + 0.2 MPa, while
in submersed growth it increased to 6o= 82 £ 5° at water potental of Wo=-4.6 £ 0.1
MPa.

N. aromaticivorans showed increase in surface hydrophobicity during surface growth
as a result of stress, increasing the contact angle to 80s= 105 + 3.9° at water potential
of Yo=-1.5+ 0.1 MPa.

M. pallens (Figure 6) showed initially high contact angle values, but no significant
difference between surface and submersed growth (6o = 82 + 4° and Bos = 90  5°).
Due to slow growth rate of this strain and growth inhibition as a result of osmotic stress
no data could be obtained on the impact of osmotic stress on surface hydrophobicity
of M. pallens during surface growth.

In general, increase in CSH have been observed for most strains in one or more stress
type and growth condition. As the growth inhibition, changes in CSH varied depending
on the stress type and growth conditions. However, in case of CSH three main trends
were observed: 1) increase of SCH with increasing water stress under all conditions
investigated, 2) no changes in CSH in initially hydrophobic strains (CA > 80°) and 3)
differential response depending on the growth condition and stress type. During
surface growth increase in osmotically induced surface hydrophobicity was observed

only for G- strains.
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5.3 Impact of bacteria on cell-mineral associations
5.3.1 Surface hydrophobicity of cell mineral associations

An experiment was conducted to assess the impact of bacterial attachment on the
surface wettability of soil particles and whether the prior exposure of bacteria to water
stress will play a differential role in the degree of the impact. Two strains, which were
shown to be the most susceptible to osmotic and matric stress in pure culture
experiments, B. sublitis and P. fluorescens, were used. Changes in surface
hydrophobicity of this cell-mineral associations over time were monitored via contact
angle measurements. Addition of B. subtilis cells (10° cells g quartz) to completely
wettable quartz increased the contact angle of the CMAs to 8 =80 + 6° and 6 = 96 +
8° degrees in case of unstressed and stressed cells, respectively (Figure 7).
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Figure 7. Contact angle of cell-mineral associations of a) B. subtilis and b) P.
fluorescens, and medium-grained quartz (A -unstressed cells, -osmotically

stressed cells and * —quartz with no addition of bacteria) over the incubation period
of 80 and 50 days. Asterisks indicate significant difference between unstressed and

stressed CMAs on a given day. The values are arithmetic mean of eighteen
measurements with the error bars indicating the standard error.

During the incubation the contact angle values for both treatments decreased to 6 =
55 + 5° for the unstressed and 6 = 49 + 5° for stressed cells by day 16 and stayed
relatively constant (6 = 57 + 6° for the unstressed and 8 = 48 + 5° stressed) till the end
of the experiment.

Addition of P. fluorecens to quartz also increased the CA of the CMAs to 52 £+ 2°in

unstressed CMA and to 77 = 5° in osmotically stressed CMA at the beginning of
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incubation. After 4 days of incubation CA value increased in both treatments. It
continued increasing in unstressed treatments but reduced in CMA with stressed cells.
In CMA with unstressed P. fluorescens cells the CA value reached 74 + 7° after 8 days
of incubation and stayed stable. In stressed CMA CA value reached 53 + 4° after 16

days and stayed stable until the end of incubation.

5.3.2 Carbon mineralization

Microbial activity in CMAs was monitored by assessing the amount of CO2 mineralized
during microbial respiration. Furthermore, the amount of initial and residual bacteria-
derived C was monitored. The mineralization of C ceased in both, unstressed and
stressed, CMAs for both strains after 16 days (Figure 8). In the CMAs with both strains
no difference between mineralization was observed when comparing stressed and
unstressed treatments. In the CMAs with addition of B. subtilis 12 £ 1% in unstressed
and 14 £ 0% in stressed CMAs of the bacteria-derived C was mineralized during the
incubation. Furthermore, after 80 days only about 60% of initially added B. subtilis-
derived C was recovered.

In CMAs with both, unstressed and stressed P. fluorescens cells, only 4 £+ 0% of
bacteria-derived C was mineralized during the incubation. The C loss from the P.
fluorescens CMAs was very low, with almost 90% of bacterial-derived C being
recovered at the end of the incubation.

The high levels of loss are probably due to measurement error. Due to considerably
low concentration of C in the analyzed samples the size of the probes had to be
significantly increased, leading to technical errors during the analysis.

In summary, the stressed bacterial cells hindered quartz particles water repellent in
CMAs with both strains. However, B. subtilis had stronger impact, compared to P.
fluorecens. CMAs with B. subtilis had significantly higher CA, compared to the CA of
the pure culture, in both, stressed and unstressed CMAS, while the initial CA of CMAs
with P. fluorescens cells were similar to the CA of the unstressed and stressed pure
culture. Nevertheless, within the first 7 days of incubation the CA of B. subtilis CMAs
decreased, while increase was observed in P. fluorescens CMAs, followed by
reduction in the CMA with stressed P. fluorescens cells. These changes in surface
wettability of CMAs were accompanied by reducing respiration rates, which completely

ceased after 7 days in CMAs with both strains.
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Figure 8 Carbon mass balance for unstressed B. subtilis CMAs, stressed B. subtilis
CMAs, unstressed P. fluorescens CMAs, and stressed P. fluorescens CMAs, where
blue indicates mineralized C, green —B. subtilis/P. fluorescens derived C and grey —C
loss from the system. The values are arithmetic means of n = 3 measurements with
the error bars indicating the standard error.

5.3.3 PLFA composition of B. subtilis CMAs

Abundance of PLFA were used as a proxy to describe the microbial community
structure and living microbial biomass in the CMAs, containing osmotically stressed
and unstressed B. subtilis or P. fluorescens cells, control containing only medium
grained quartz and bacterial extract from CAL soil.

At the beginning of the experiment, the total amount of PLFA was slightly higher in the
CMAs with unstressed B. subtilis cells (646 + 27 nmol-g*), compared to the osmotically
stressed ones (562 + 25 nmol-gY’; Figure 9; Table 8, Appendix).
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Figure 9 PLFA composition of B. subtilis CMAs. Dark blue indicates the control treatment (no B. subtilis cells), dark

green —CMAs with stressed B. subtilis cells and light green —unstressed B. subtilis cells. The values are arithmetic mean

of n = 3 measurements with the error bars indicating the standard error. Asterisks show statistically significant
differences between control, stressed and unstressed treatments.
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After 30 days significant decrease in the abundance of PLFA was observed in both
CMAs. No difference was observed between the treatments. The amount of total PLFA
in CMAs with osmotically stressed B. subtilis cells stayed relatively stable until 50 days
of incubation, with slight increase by the end of the experiment. In the CMA with
unstressed B. subtilis total amount of PLFA decreased at the end of the experiment.
In the control treatment amount of total PLFA decreased already at day 30 and stayed
stable later.

Branched fatty acids, particularly i15:0 and al5:0 are the major and characteristic
component of lipid membrane of B. subtilis. Changes in the iso/anteiso ratio have been
shown to occur as a result of hyperosmotic stress, thus are calculated in our study, as
stress indicator. At the beginning of the incubation a significant difference has been
observed in iso/anteiso ratio between unstressed (0.5 + 0.02)) and osmotically
stressed (2.8 £ 0.1)) CMAs. Though, the differences were observed at the end of the
incubation between the treatments, the ratio was significantly higher in both, compared
to the beginning of the incubation. In both CMAs, iso/anteiso ratio increased to 8.1 +
2.7 in unstressed and 10.3 £ 2.0 in osmotically stressed CMAs. In all three treatments
decrease in overall PLFA concentration and the relative amounts of all PLFAs was
detected (due to bacterial death), with exception of 18:2w9, i16:0, 18:1w9 18:0 and
15:0 in CMAs amended with unstressed B. subtilis, which decreased in concentration

but increased the relative abundance.

5.3.4 PLFA composition of P. fluorescens CMAs

As in CMAs with B. subtilis, total amount of PLFA in P. fluorescens CMAs decreased
during the incubation in both unstressed and osmotically stressed treatments. No
difference was observed as a result of exposure to osmotic stress. In both treatments
total PLFA reduced from approximately 250 nmol-g* to 60 nmol-g?, throughout the
incubation (Figure 10; Table 9, Appendix). In both, unstressed and osmaotically
stressed P. fluorescens CMAs saturated fatty acids 16:0 and 18:0, and
monounsaturated fatty acids 16:1w7t, 16:1w7c, 18:1w7t, 18:1w7c, 17:0 cyclic and
19:0 cyclic were identified. At the beginning of the incubation no significant differences
were observed between any of the PLFA groups between stressed and unstressed
CMAs. Monounsaturated fatty acids were significantly lower in the unstressed CMA
after 30 days (9 £ 2%), compared to the osmotically stressed treatment (22 + 6%) until

the end of incubation.
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However, due to reduction in relative abundance of monounsaturated fatty acids in
stressed CMAs, no significant differences were observed between unstressed (13 *
2%) and stressed (12 + 3%) CMAs at the end of the incubation. Trans/cis ratio was
higher at the beginning in osmotically stressed CMAs (1.2 + 0.3), compared to
unstressed ones (0.3 + 0.07). During the incubation the trans/cis ratio increased in
unstressed CMA from 0.3 + 0.1 to 0.6 + 0.0 and decreased in osmotically stressed
CMAs from 1.2 + 0.28 to 0.2 = 0.1. The ratio of cyclopropyl fatty acids to their
precursors was significantly higher in the unstressed CMAs (0.5 + 0.0) compared with
osmotically stressed CMAs (0.3 + 0.0) at the beginning of the incubation.

Overall, reduction in the total amount of PLFA during the incubation was observed in
CMAs with both strains. Ratios of iso/antiiso and trans/cis fatty acids, used as stress
indicators for G+ and G- bacteria, respectively, were as expected initially higher in the
CMAs with stressed cells, compared to unstressed ones. However, this difference was
not observed already after 50 days in B. subtilis CMAs. In P. fluorecnes CMAs the
trans/cis ratio was higher in the unstressed CMAs, which was accompanied with
significantly higher cy/pre-ratio, indicating reduced metabolic activity.

5.4 Impact of soil water content on wettability

Soil samples, collected from two different locations, were incubated at three different
incubation modes (details in section 4.3.1). The initial physical and chemical properties
of both soils are presented in Table 4. Though both soils were similar in their physico-
chemical properties analyzed, they had significantly different surface hydrophobicity.
The LUE soil collected from Luneburg Heath in Lower Saxony exhibited moderate
surface hydrophobicity (8 = 82 + 7°), while the CAL soil collected from Altmark region
in Saxony-Anhalt was initially extremely hydrophobic (6 = 128 + 6°).

As previously mentioned in section 4.3.3, the soils were adjusted to different water
contents, corresponding to pF2.5 (“wet” incubation mode, at field capacity), pF4.2
(“dry” mode, permanent wilting point) and cycling between pF2.5 and pF4.2
(“intermittent” mode) The measured WC at each sampling points are presented in
Figure 11.

The water content of LUE soil was adjusted to 29 = 0% for “wet” and “intermittent”
modes and to 16 + 1% for “dry” mode. The “intermittent” mode was adjusted to fluctuate
between pF2.5 (29 + 0%) and pF4.2 (16 + 1% WC), however, lowest water content
achieved was 22 + 0%.

Water content of “wet” and “intermittent” modes in CAL soil was adjusted 22 + 0%.
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Water content of “dry” mode was initially adjusted to 16 £ 0%. The “intermittent” mode
fluctuated between 17 £ 0%.and 22 + 0%. About 5% water loss was observed in
samples, due to evaporation from the system, therefore after the sampling soil water

content was adjusted by addition of deionized water to pF2.5 and pF4.2.
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Figure 11 Measured WC of CAL and LUE soils during the incubation in “wet’—blue,
“‘dry’—red and “intermittent” —purple incubation modes, without (SB-) and with
substrate amendment (SB+). The values are arithmetic means of n = 3
measurements with the error bars indicating the standard error.

After adjustment of soil moisture to corresponding pF values the contact angle of CAL
soil increased from 128° + 6° to 6 = 131 £ 2° but stayed unchanged throughout the
incubation.

The adjustment of soil moisture to pF2.5 had no significant impact on the contact angle
of LUE soil, while at pF4.2 it increased to 100 + 1°. Further changes in soil surface
hydrophobicity, driven by the different incubation modes, were assessed throughout
the 88 days of incubation and are presented in Figure 12. No differences were
observed between the incubation modes and substrate levels in CAL soil. In contrast,

the “dry” incubation mode and substrate amendment significantly affected soil surface
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hydrophobicity of LUE soil. The contact angle of non-amended soil at the “dry” (6 =

100 % 2°) incubation mode was initially higher, compared to “wet” and “intermittent” (6

= 73 £ 5°) modes and slightly increased by the end of incubation period (6 = 114 + 4°).

Substrate amendment resulted in higher contact angle already at the beginning of the
incubation in all incubation modes (6 = 88 £ 2° (“wet’) and 6 = 124 £ 4° (“dry”)),
compared to non-amended soils (8 = 73 £ 5° (“wet”) and 8 = 100 £ 2° (“dry”)). With

exception of “intermittent” mode the contact angle of the soils stayed unchanged. After

88 days sight reduction in surface hydrophobicity was observed in the soil at

“intermittent” incubation mode, reaching 8 = 76 + 2° from initial 6 = 88 £ 2°.
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error. Asterisks indicate the significant difference between the water regimes and

letters the within-treatment differences over time.

summary, neither the water regime, nor substrate amendment had an impact on the

CA of the initially hydrophobic (CAL) soil. In contrast, the CA of moderately

hy
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CA of the “dry” LUE soil was already significantly higher compared to “wet” soil at the
beginning of the incubation and continued increasing at a slow rate overtime. Substrate
amendment resulted in slightly higher initial CA for all incubation modes, compared to
unamended ones. However, in the amended soil, while no changes occurred in “dry”

mode, slight decrease was observed in the “intermittent” mode.

5.5 Soil microbial community structure under different water
regimes

Impact of soil water content on the microbial community composition in 2 soils with
different levels of water repellency and drought history was assessed via and
incubation experiment. Changes in community composition were analyzed by means
of PLFA and next generation sequencing of 16S rRNA genes. Preliminary analysis of
the results indicated that in the range of the water contents analyzed, the impact of soil
moisture level was less pronounced compared to the differences observed between
soils and driven by addition of substrate. Therefore, the results will be presented

separate for the two soils.

5.5.1 LUE soil microbial biomass and community composition

55.1.1 PLFA profile of LUE soil and changes over time

Total microbial biomass in all soils was analyzed by extraction of PLFA and is
presented in (Figure 13; Table 10, Appendix). The initial amount of total PLFA was
significantly higher in the “dry” mode, compared to “wet” soil. Bacterial biomass in “wet”
and “intermittent” LUE soil at both substrate levels stayed relatively stable during the
incubation. In the non-amended “dry” treatment initially significant higher amount of
total PLFA was detected (8.9 + 0.4 ymol-g?), however it reduced to 4.7 = 0.4 ymol-g*
after 29 days and stayed stable hereafter. The substrate amendment increased the
total amount of PLFA in “dry” treatment after 88 days (7.1 £ 0.2 ymol-g*) compared to
initial amount (5.3 £ 0.6 ymol-g™?).

At the beginning of the experiment all the incubation modes were dominated by the
abundance of monounsaturated fatty acids (Figure 13), indicating abundance of G-

bacteria.
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In the “wet” and “intermittent” soils the relative abundance of G- bacteria increased
from initial 36% + 2 to 58% * 3 (“wet”) and 47% £ 1 (“intermittent”) at the end of the
incubation. In non-amended “dry” soil it decreased significantly from initial 52% * 2 to
44% + 4.

G-bacterial PLFA in substrate amended soil were more resistant to “dry” treatment. G+
bacterial PLFA were relatively stable throughout the incubation at all incubation modes
and substrate levels.

Relative abundance of Actinobacteria was stable during the incubation at all incubation
modes in the non-amended soil. Substrate amendment increased the relative
abundance of Actinobacterial PLFA in “wet” and “intermittent” treatments from initial 8
+ 0% to 14 + 0% after 88 days. No changes occurred in the “dry” treatment.

Fungal PLFA (18:2w6, 9) stayed relatively stable during the incubation experiment in
the soil at both substrate levels and all incubation modes, with exception of non-
amended “wet” and substrate amended “dry” soil. In the non-amended “wet” treatment
a significant increase was observed after 88 days, reaching 9+ 0% relative abundance
from initial 1%. Substrate amendment resulted in increase of fungal PLFA from 14 +
1% to 28 £ 4% “dry” soil within 88 days.

In general, the amount of total PLFA slightly fluctuated in all incubation modes and
substrate levels, but no significant changes were observed. The relative abundances
of G+ and Actinobacterial PLFA were also relatively stable. The main changes were
observed in the relative abundance of G- and fungal PLFA. Substrate amendment
induced the growth of fungi in all modes, while the G- PLFA were more affected in non-
amended soils. Additionally, in non-amended soil the relative abundance of fungi
increased over time in the “wet” mode, while in substrate amendment promoted fungal

growth in “dry” incubation mode.

5.5.1.2 Impact of soil water content on microbial community
structure of LUE soil

The total amount of fatty acids detected in the non-amended LUE soil at the beginning
of incubation of was significantly lower in “wet” and “intermittent” soils (6 + 0 umol-g?)
compared to “dry” soil (9 £ 0 ymol-g?) (Figure 13), but no significant differences were
observed at the end of the incubation. While water content had no significant impact
on the total FAs in the substrate amended soil at the beginning of the incubation, after
88 days it was significantly higher in “dry” soil (7.0 + 0.2 ymol-g*), compared to “wet”
(4.6 £ 0.5 ymol-g?) and “intermittent” (5.4 + 0.1 pmol-g™?) soils.

Relative abundance of G- bacterial PLFAs was higher in non-amended “dry” (52 + 0%)
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soil at the beginning of the incubation, compared to “wet” and “intermittent” soils (36 +
3%) soils (Figure 13). After 88 days it decreased to 44 + 0% in the “dry” soil, while
increased to 58 + 3% in the “wet” soil. The abundance of G- bacterial PLFA in the
“‘intermittent” mode also increased at the end of the incubation but reached to 47 £ 1%.
No differences between the incubation modes were observed in substrate amended
soil. No differences in relative abundance of G+ bacterial PFLA was observed between
the incubation modes at both substrate levels.

Initially, fungal PLFAs were more abundant in the non-amended “dry” (2.3 + 0.0%) saill,
compared to the “wet” (1.1 £ 0.0%) modes. However, due to an increase in “wet’
treatment after 88 days it was significantly higher in “wet” soil (9.3 £ 0.1%). A slight
increase in the “intermittent” treatment resulted in relative abundance similar to “dry”
mode, 1.8 £ 0.1% and 2.5 = 0.4% in “dry” and “intermittent” modes, respectively. In
contrast, no differences in relative abundance of fungi were observed in the substrate
amended soil between the incubation modes at the beginning of incubation (~13 +
1%). After 88 days the fungal PLFA constituted only 9 + 0% in “wet” and “intermittent”
soils and 28 + 6% in the “dry” soil.

No differences in relative abundance of Actinobacteria was observed between the
incubation modes at the beginning of the incubation at both substrate levels. After 88
days in substrate amended soil, it was twice lower in the “dry” soil (7 + 0%), compared
to “wet” and “intermittent” modes (14 + 0%).

Overall no major changes were observed in the total microbial biomass due to
differences in water contents between incubation modes. No major differnces were
observed besides significantly higher relative amount of fungal PLFA in the substrate

amended “dry” soil, compared to the “wet” modes at the end of the incubation.

5.5.1.3 Microbial community structures of LUE soil assessed by
16S rRNA gene sequencing

To obtain more detailed information about changes in microbial community structure
and possibly identify the drivers of those changes, the 16S rRNA genes extracted from
the soils were amplified and sequenced. Alpha diversity indices were calculated from
rarefied to samples (122020 ASV counts per sample). Observed alpha diversity
(diversity richness), showing the number of ASVs present in the sample, indicated no
significant difference between “wet”, “dry” and “intermittent” incubation modes at the
beginning of the incubation. Reduction in species richness from initial 856 + 23 to 650

+ 19 was observed in the “dry” mode at the end of the incubation. No significant
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Figure 14 Species richness(observed) and Shannon diversity index of non-amended
(SB-) and substrate amended (SB+) LUE soil. Red represents the “dry” mode at the
beginning of incubation. Dark blue —“wet” and “intermittent” modes at the beginning,
light blue —“wet” mode end, purple —“intermittent” end and —“dry” end.

changes happened in other incubation modes (Figure 14). In substrate amended soil
the species richness reduced from initial 653 + 29 in “wet” and 740 £ 33 in “dry” modes
to 256 * 25 in “dry” and “wet” modes. In the “intermittent” mode it was slightly higher
(302 * 24).

Shannon index was also calculated to characterize the species diversity of the samples
(Figure 14). In non-amended soil no significant differences were observed between
the incubation modes, both at the beginning (5.2 = 0.0) and at the end of the incubation
(5 £ 0) in “wet” and “intermittent” modes and 4.8 + 0.0 in “dry” mode). As in case of
species richness, no difference in species diversity was observed at the beginning of
the incubation between incubation modes (4.9 + 0.0) in substrate amended soils.

At the end of the incubation species diversity reduced in all mode (3.3 = 0.0 in “wet”,
3.2 £ 0.0 in “intermittent” modes and 3 = 0 in “dry” samples). Substrate amendment
resulted in reduced species diversity in all incubation modes, compared to non-
amended soils, following the same pattern as the observed diversity.

In summary, in LUE soil species richness and Shannon index reduced in all incubation
modes, however, the reduction was more pronounced in the “dry” mode. Substrate
amended soils were initially contained slightly a smaller number of species, compared
to unamended ones. Furthermore, the number of species of the amended soil declined
more significantly. While the incubation modes did not cause any differences in the
species richness of amended soils, the species heterogeneity was significantly lower

in “dry” soil.
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Figure 15 PCoA of beta diversity of LUE soil, based on Bray-Curtis
dissimilarities for a) non-amended, b) substrate amended soil. Red
circles represent “dry” mode at the beginning, blue circles —“wet”
and ‘“intermittent” beginning. Red, blue and purple triangles
represent “dry”, “wet” and “intermittent” modes, respectively, at the
end of incubation.

To obtain information on changes in the overall species diversity in the soils that
occurred due to different incubation modes and substrate levels in the LUE soll, beta
diversity was assessed and is presented in Figure 15. The overall variance of 74.6%
and 97.4% was explained by the PCoA, respectively for non-amended and substrate

amended soils.
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In non-amended soil 60.9% of the variance was explained by the first principal
component (PC), and 13.7% by the second one. In substrate amended soil 91% of
variation was explained by the first PC, and 6.4% by the second one (Figure 15, a).
The PCoA revealed no differences in composition of microbial communities between
the incubation modes at the beginning of the incubation, neither in non-amended, nor
in substrate amended (Figure 15, b) soils. At the end of the incubation, differentiation
between “dry” and “wet” and “intermittent” incubation modes occurred at both substrate
levels.

Further assessment of high-throughput sequencing data showed that both, non-
amended “wet” and “dry” soils were initially dominated by 12 orders (> 1% relative
abundance), belonging to phylum Proteobacteria (~39%), Acidobacteria (~29%),
Actinobacteria (~27%), Firmicutes (~3%) and Planctomycetes (~1%; Figure 16).

The most abundant phylum Proteobacteria consisted of Rhizobiales (~22%), followed
by Elsterales (~10%), Acetobacteriales (~5%) and Micropepsales (~1.5%) orders
(Figurel6). Acidobacteriales (~22%) and Solibacteriales (~7%) constituted the second
most abundant phylum Acidobacteria. Within Actinobacteria phylum Frankiales
(~19%) was the most abundant order, followed by uncultured Acidimicrobiia (~5%) and
IMCC26256 (~1%). Two uncultured orders from phylum Firmicutes (~3%) and
Isospherales (~1%) from Planctomycetes phylum were also identified.

After 88 days of incubation the most affected phylum in all incubation modes was
Acidobacteria. Relative abundance of Acidobacteriales order decreased from initial
23% to 20%, 17% and 14%, respectively in the “wet”, “intermittent” and “dry” soils.
Solibacteriales decreased from initial 7% relative abundance to 3% in all incubation
modes. In contrast, relative abundance of Frankiales order (Actinobacteria) increased
from 19% to 28%, 29% and 30%, respectively in “wet”, “intermittent” and “dry” soils.
Slight decrease in relative abundance of Rhizobiales order was also observed in “wet”
soil in the end of the incubation (20%), compared to initial 23%.

Overall, the community of the unamended soil was relatively stable under all incubation
modes. Slight shifts were observed due to increase in relative abundances of
Actinobacteria and simultaneous decrease in Acidobacteria. The shifts in microbial
community were more accentuated by addition of substrate. Representatives of
several orders were very susceptible to substrate addition and were not detected in
the amended soils (relative abundance >1%): Isospharales, Micropepsales, and 2
orders of Firmicutes phyla. Furthermore, significant differences were observed in
relative abundances between the incubation modes in substrate-amended soils with

the diversity declining in the following order “wet” >” intermittent” > “dry”.
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Figure 16 Dynamics of the 16S rRNA gene-based relative abundance of the main present bacterial groups at the phylum and
order levels, a) in non-amended and b) substrate amended LUE soil
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While the soil in all incubation modes predominantly contained Actinobacteria, in “wet”
mode Acidobacteria were also detected. Furthermore, about 15% of identified ASV in
“‘wet” and “intermittent” belonged to the Proteobacteria phylum, while in “dry” soil more
than 90% of the identified ASVs belonged to Actinobacteria.ln substrate amended soils
were initially dominated with only 3 phyla, composed of 8 orders, compared to 5 phyla
identified in non-amended soils. Proteobacteria were still the dominating phylum,
making up 43% relative abundance, followed by 33% Actinobacteria and 23%
Acidobacteria. After 88 days of incubation all the soils were dominated by
Actinobacteria.

Order Frankilaes increased from initial 24% to 67%, 71% and 87%, respectively in
‘wet”, “intermittent” and “dry” soils. Rhizobiales and Elsterales, representatives of
Proteobaceria phylum, decreased from 26% and 13%, respectively, to 1% in all
incubation modes. Acetobacteriales increased from 5% relative abundance to 13%
and 12% in “wet” and “intermittent” soils respectively, while reducing to 2% in “dry” soil.
Acidobacteriales, from Acidobacteria phylum, reduced from 20% to 5% in the “wet”
soil, but was not detected in “intermittent” and “dry” soils.

Fifteen ASVs significantly different (p < 0.05) between incubation modes were
identified as bioindicators, possibly driving the changes in microbial community
composition in the LUE soil (Figure 17). Though no order was dominating in any of the
incubation modes, 6 out of 15 ASVs identified as bioindicators were classified to orders
Solibacteriales and Acidobacteriales of Acidobacteria phylum. Five ASVs belonged to
different orders of Proteobacteia phylum. Two ASVs belonging to Sacharimondales
(Patescibacteria phyla) were also identified. While most of the ASVs were present in
all incubation modes throughout the incubation, ASVs belonging to Solibacteriales
were not identified at the beginning of the incubation but were detected in “wet” and
“intermittent” soils at the end. The opposite was observed for a bacterium belonging to
the orders Frankaels, Sacharimondales, uncl. Alphaproteobact and Acetobacteriales,
which were initially identified, but were not present in “wet” and “intermittent” soils at
the end. In substrate amended soils most of ASVs identified as bioindicators belonged
to order Frankiaels of Actinobacteria phylum. Four ASVs belonging to Frankiales order
were not detected at the beginning of incubation but were identified as bioindicators at
the end. ASVs belonging to orders Sacharimondales, Alphaproteobacter,
Acidobacteriaale were identified to be related to the differences between the “dry” and

“wet” + “intermittent” soils at the end of the incubation.
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Figure 17 Mean relative abundance of ASVs identified as bioindicators in the

a) non-amended and b) substrate amended LUE soil.
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5.5.2 CAL microbial community composition and biomass

55.2.1 PLFA profile of CAL soil and changes over time

In non-amended “wet” and “intermittent” CAL soil total amount of PLFAs significantly
decreased over time. After 88 days of incubation, it reduced from 11 + 1 ymol-g* to 7
+ 0 ymol-g* and 5 £ 1 ymol-g* in “wet” and “intermittent” soils, respectively. In “dry”
soil the initial amount of PLFA was 10 + 0 ymol-g* and no significant changes over
time have been observed. In contrast, the total amount of fatty acids stayed relatively
constant in substrate amended “wet” and “intermittent” incubation modes through the
incubation. The amount of total PLFA in “dry” soil increased from 6 + 0 umol-g* to 15
+ 1 umol-g? after 29 days, followed by reduction (11 + 1 ymol-g?) after 88 days of
incubation (Figure 18; Table 11, Appendix).

While in non-amended soil the “wet” and “intermittent” incubation modes had no impact
in the relative abundance of G+ bacterial PLFA, a slight increase was observed in the
“dry” treatment (from initial 14 £ 0% to 17 + 0%). In substrate amended soil the relative
abundance of G+ PLFA significantly decreased in “intermittent” and “dry” soils after 29
days. After 88 days it increased to the initial level (11 + 0%) in “intermittent” treatment.
In substrate amended “dry” soil the relative abundance of G+ PLFA reduced to 10 £
1%, compared to initial 14 + 1% after 88 days.

G- bacterial PLFA were the most abundant group in non-amended soil and were not
affected by the incubation modes (~28%). In substrate amended soil the relative
abundance gradually decreased in all incubation modes during the incubation. In “wet”
and “intermittent” modes it decreased from 31 + 1% to 26 £ 0% and in “dry” mode from
36 + 2% to 28 = 1%. At the end of the incubation of non-amended “wet” and “dry” soils
the relative abundance of Actinobacterial PLFA decreased by 4%, compared to initial
17% = 1 and 20% = 0O, respectively. No changes have been observed in “intermittent”
incubation mode. In substrate amended “wet” and “intermittent” soils the relative
abundance of Actinobacterial PLFA increased from initial 11 + 1% to 17 + 0%.
However, in “wet” soil an increase was observed already after 29 days (14 £ 1ymol-g’
1), while in “intermittent” mode the increase was observed only after 88 days. In “dry”
soil after a decrease to 7 £ 0% after 29 days, it increased to initial level (11 + 1%) in
the end of the incubation. In non-amended soll, relative abundance of fungal fatty acids
was initially 2.3 £ 0.1% in all incubation modes. After 88 days it decreased to 1.3 £
0.0% in “wet”, 1.5 £ 0.0% in “dry” and 1.8 £ 0.0% in “intermittent” soils. No changes in

relative abundance of fungal PLFA occurred in substrate amended “wet” soil. In “dry”
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mode it increased from 1 + 0% to 28 + 3% after 29 days, then decreased t019 + 1%
after 88 days.Same was observed in the “intermittent” mode: an increase after 29 days,
followed by reduction to the initial amount of 13 + 1%. In general, the living microbial
biomass and the relative abundance of bacterial and fungal were not significantly
affected by the incubation modes. The amount of total PLFA declined in non-amended
soils at all incubation modes, however, the reduction was less pronounced in “dry”
mode. Despite decreased total PLFA, the relative abundances bacterial and fungal
PLFA were relatively stable. G+ and Actinobacterial PLFA were also relatively stable.
Substrate amendment of the soil resulted in decrease in the relative abundance of G-
PLFA, accompanied with the growth of more drought tolerant fungi in “dry” and

Actinobacteria in “wet” and “intermittent” modes.

5.5.2.2 Impact of soil water content on microbial community
structure of CAL soil

At the beginning of the incubation no difference in the amount of total fatty acids
between different incubation modes was observed in non-amended soil (Figure 18).
After 88 days the total fatty acids were significantly lower in the “intermiitent” soil (5 +
1 umol-g?), compared to “wet” (7 £ 0 ymol-g?) and “dry” soils (8 £ 0 ymol-g?). In
substrate amended “wet” and “intermittent” soils (911 ymol-g) initially had significantly
higher amount of total PLFA compared to “dry” soil (60 umol-g*). However, after 88
days difference was observed only between “wet” (7 £ 0 ymol-g-1) and “dry” (11 £ 1
umol-g?) soils. No significant differences in the relative abundance of G+ bacteria
PLFA have been observed between the incubation modes in non-amended soll
throughout the incubation period. On the other hand, in substrate amended soil already
after 29 days it was significantly higher in “wet” (11 £ 0%) soil, compared to “dry” (6 +
0%) and “intermittent” (7 £ 0%) ones. After 88 days the relative abundance of G+ PLFA
was only slightly higher in “wet” (13+ 0%) soil, compared to “dry” (10 = 0%) soil. At the
beginning of the incubation no significant differences in G- bacteria PLFA were
observed between different incubation modes at any substrate level. After 88 days of
incubation G- bacterial PLFA in non-amended “wet” (28 + 0%) soil was slightly lower,
compared to “dry” (30 £ 0%) and “intermittent” (31 £ 0%) soils. In substrate amended
soil differences have been observed only after 29 days of incubation between “wet”
(32 £ 0%) soil, compared to “dry” (31 = 1%) and “intermittent” (27 £ 0%) soils. In non-
amended “wet” soil (13 + 1%) the relative abundance of Actinobacterial PLFA detected
was lower at the end of the inbcubation, compared to “dry” (16 £ 0%) and “intermittent”
(15 £ 1%) soils.
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Figure 18 PLFA composition of CAL soil in non-amended (SB-) and substrate amended (SB+) treatments. Blue stands for “wet”

incubation mode, purple —“intermittent” and red for “dry” mode. Values are arithmetic mean of n = 3 measurements with the error
bars indicating the standard error.
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In susbtrate amended soil already after 29 days the relative abundace was
siginificantly higher in “wet” (14 £ 1%) soil, compared to “dry” (7 £ 0%) and “intermittent”
(10 + 1%) soils. However, after 88 days difference was observed between “dry” (17 +
0%) soil, compared to “wet” (12% + 0) and “intermittent” (17 £ 1%) soils. The relative
abundance of fungal PLFA was not affected by the incubation modes in non-amended
soil. In contrast, in substrate amended soils differences between incubation modes
were already observed at the beginning of the incubation. Relative abundace of fungal
PLFA was initially lower in “dry” (6 + 0%) soil, compared to “wet” and “intermittent” soils
(13 £ 1%). Howbeit, after 88 days of incubation, the relative abundance of fungal PLFA
was significantly higher in “dry” soil (19 + 1%), compated to “wet” (11 + 0%) and
“intermittent” (13 £ 0%) soils.

Overall, the total bacterial biomass and PLFA profile were less susceptible to the
differences in water content, compared to LUE sail, in different incubation modes. No
major differences were observed, besides significantly higher relative amount of fungal
PLFA and low Actinobacterial PLFA in the substrate amended “dry” soil, compared to

the “wet” modes at the end of the incubation.

5.5.2.3 Microbial community structures of CAL soil assessed by
16S rRNA gene sequencing

No significant differences have been detected in both, observed and Shannon diversity
indices, at the beginning of the incubation between the modes at either substrate levels
(Figure 19). After 88 days observed diversity index increased from initial 504 + 18 to
611 £ 21 in non-amended ‘“intermittent” soil, while the Shannon index stayed
unchanged. No changes in observed and Shannon indices occurred in “wet” and “dry”
soils as result of incubation. In substrate amended soil, however, both indices reduced
after 88 days of incubation. Observed alpha diversity reduced from 484 + 21 to 175 +
16 in “wet”, 177 £ 10 in “dry” and 165 = 10 in “intermittent” soils. Shannon index
reduced from 4 + 0 to 2.2 + 0.0, and 2.3 + 0.0 in “wet” and “intermittent” soils,
respectively, and to 2 £ 0 in “dry” soil. The results show that the species richness and
the Shannon index were not strongly affected in non-amended CAL soil at all
incubation modes. An exception was the “intermittent” soil, in which the species
richness slightly increased over time accompanied with increased diversity.

Substrate amendment caused a reduction in diversity and increased the homogeneity.
However, while no differences were detected in the number different observed species
between incubation modes in substrate amended soil, the Shannon index was lower

in the “dry” mode, due to adaptation of fewer species in the sample and simultaneous
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Figure 19 Species richness(observed) and Shannon diversity index of non-amended
(SB-) and substrate amended (SB+) CAL soil. Red represents the “dry” mode at the
beginning of incubation. dark blue —“wet” and “intermittent” modes at the beginning,
light blue —“wet” mode end, purple —“intermittent” end and —“dry” end.

As in LUE sall, in CAL soil the PCoA did not reveal differences in composition of
microbial communities between the incubation modes at the beginning of the
incubation, neither in non-amended (Figure 20, a), nor in substrate amended (Figure
20, b) soils. At the end of the incubation, differentiation between “dry” and “wet” and
“‘intermittent” incubation modes occurred at both substrate levels. In non-amended
CAL soil 32.1% of variance was explained by first PC and 20.3% by the second.

At the beginning of incubation ASVs belonging to 4 phyla were detected in the CAL
soil at both substrate levels (Figure 21). In non-amended soil, the most abundant phyla,
In substrate amended soil 97.7% of variance was explained, with 90.7% accounted in
PCl and 7% in PC2. Acidobacteria phylum, uncultured Acidimicrobiia (4%),
Rhizobiales (12%), Elserales (13%) and Acetobacteriales (5%) of Proteobacteria
phyum and uncultured Firimicutes (3%) from Firmicutes phylum were also detected.
After 88 days of incubation community composition of hon-amended soil on order level
remained relatively stable, with Acidobacteriales reducing from 15% to 13% and
instead relative abundance of Frankiales increased from 44% to 47%. The initial
community composition of substrate amended soil was similar to non-amended soil,
with the exception of order Solibacteriales not being detected in the amended one. At
the end of the incubation ASVs from only 3 orders were detected in “wet” and

“intermittent” soils and 4 in “dry” soil.
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and order levels, in non-amended and substrate amended CAL soil.
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Order Frankeales dominated in all incubation modes, constituting 90% and 92% in
“‘wet” and “intermittent” and 96% in “dry” soils. Relative abundance of order Elsterales
was 5% in “wet’, 4% in “intermittent” and 1% in “dry” soil.

Acetobacterales was also detected with relative abundance of 4%, 3% and 1% in “wet”,
“intermittent” and “dry” soils, respectively. In contrast to “wet” and “intermittent” sails,
in “dry” soil ASV belonging to an uncultured Acidimicrobiia with relative abundance of
1% was also detected. No Firmicutes were detected in substrate amended soil after
88 days.

The changes in the community composition of CAL soil followed similar pattern as in
the LUE soil, with the community of the unamended soil being relatively stable under
all incubation modes. Slight shifts were observed due to increase in relative
abundances of Actinobacteria and simultaneous decrease in Acidobacteria. The shifts
in microbial community were more accentuated by addition of substrate. Furthermore,
significant differences were observed in relative abundances of members of particular
orders between the incubation modes in substrate amended soils. While the soil in all
incubation modes predominantly contained Actinobacteria, in “wet” and “intermittent”
modes 2 different orders of Proteobacteria phylum were detected, while in “dry” soil
more than 95% of the identified ASVs belonged to Actinobacteria.

RF analysis of CAL soil revealed 13 ASVs significantly different (p < 0.05) between
incubation modes, driving the possible differences in microbial community composition
(Figure 22). In non-amended CAL soil, majority of ASVs identified belonged to
Acidobacteriales order of Acidobacteria phylum., followed by Proteobacteria. Two
orders belonging to Planctomycetes phylum were also present (Tepidispherales and
Gemmatales). The ASVs, that were unique to a particular treatment were identified to
belong to orders Micropepsales (Proteobacteria) and Gemmatales (Planctomycetes)
and a representative of Armatimondates phylum, Fimbrimondales order. The first two
orders were not identified at the beginning of the incubation but were present in “wet”
and “intermittent” soils after 88 days, and the latter was no longer present in “wet” and
“intermittent” mode after 88 days. Substrate amendment resulted in changes in
microbial community composition, and thus the “bioindicators”. ASVs of Acinobacteria
phylum (Frankiales and Acidimicrobiales) were dominating in substrate amended CAL
soil. Though Frankiales order was not detected in the non-amended soll, it was the
most abundant ASV identified in substrate amended soil. Other unique ASVs were

identified as well, such as uncultured Acetobacteriales order (Proteobacteria phylum).
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Figure 22 Mean relative abundance of ASVs identified as bioindicators in the a) non-
amended and b) substrate amended CAL soil.
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6 DISCUSSION

6.1 Impact of water stress on bacterial growth and cell surface
hydrophobicity

In soil one of the major factors affecting the microbial activity is the soil water potential.
Changes in cell surface hydrophobicity due to exposure to osmotic stress have already
been reported (Baumgarten et al.,2012; Hachicho et al.,2017). Although in wet non-
saline soils, the water potential is mostly determined by osmotic potential, as the soil
dries out, matric potential becomes the dominant factor. By performing pure culture
experiments, using NaCl to induce osmotic stress and PEG 8000 for matric stress, we
aim is to independently assess the impact of osmotic and matric stresses on bacterial
growth and surface properties. Moreover, bacteria hardly live as planktonic cells in the
soil system and are mostly present in association with soil particles, thus being
exposed to air/liquid/solid interface. Bacterial cells exhibit significant differences in
growth behavior and stress tolerance in submersed growth, compared to surface
growth. Thus, pure culture experiments were conducted to examine the different
response to osmotic and matric stress in different growth conditions. The results
showed that exposure of all 6 strains to water stress results in reduced growth rates.
However, the effect water stress has on growth rates of different bacterial strains,
depends on the type of water stress (osmotic or matric) and growth condition
(submersed or surface). The impact of water stress on the surface hydrophobicity of

the studied strains was also culture, stress type and growth condition dependent.

6.1.1 Impact of osmotic and matric stress on bacterial growth

Exposure to osmotic stress results in increased energy requirements for cell
maintenance, thus reducing the available energy for new biomass production
(Oren,1999).Growth inhibition was generally observed in this study as a result of
exposure to osmotic and matric stress. However, as stated before, the degree of
response to osmotic and matric stress varied between the strains. Numerous studies
showed reduction in bacterial growth rate due to exposure to osmotic stress, both in
pure culture (Hachicho et al.,2017; Holden et al.,1997; Worrich et al.,2016)
experiments and in soil (Chowdhury et al., 2011; Kakumanu and Williams, 2014;

Polonenko et al.,1986) showed that when exposed to osmotic stress growth of P.
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putida mt-2 was fully inhibited when the water potential of the media was reduced by -
3.5 MPa via addition of sodium chloride. In the study conducted by Worrich et al. (2016)
the growth of P. putida KT2440 was inhibited when exposed to both osmotic and matric
stress, however lower matric stress resulted in full growth inhibition at already -A 0.25
MPa matric potential, while osmotic stress caused full inhibition at -A 1.5 MPa.
Contrary to these results, P. putida mt-2 has been shown to be less susceptible to
matric stress (PEG8000) then to osmotic stress (NaCl) (Holden et al.,1997). When
exposed to osmatic stress, growth inhibition was already observed at water potential
of -0.25 MPa, but only started from -0.5 = 0.1 MPa when exposed to matric stress.
However, it should be taken into consideration that the growth media in these studies
was different, which is known to impact the bacterial growth kinetics (Loutfi et al.,2020;
Sanchez-Clemente et al.,2020). The impact of reduced water potential on the growth
inhibition of another G- bacterium, E. coli, was also reported (McAneney et al.,1982).
The growth of this strain was inhibited in the presence of both, PEG4000 and NaCl, at
water potentials of -0.8 MPa and -4 MPa, respectively.

Not only the response to water stress varies between different spices and even strains,
but also different bacteria have different levels of minimal water activity tolerance. In
the experiment of Marshall et al. (1971) 16 different bacterial strains were grown at 30
°C for 28 days in media amended with NaCl. Results showed growth limiting Ay levels
ranging from 0.97 to 0.83 (corresponding to -4.1 MPa to -25 MPa, respectively). Five
different Bacillus spices exhibited high level of tolerance to osmotic stress, with B.
subtilis being tolerant to up to-11MPa. In this study it was also concluded that G- rods
exhibited higher susceptibility to low Ay, compared to G+ rods. In our study as well, G+
bacteria were slightly less susceptible to stress with exception of M. pallens. Though
considered G+, Mycobacteria have rather different cell wall structure, cell cycle and
asymmetric cell division (Kieser and Rubin, 2014; Thanky et al., 2007). Due to the
presence of mycolic acids (Ceo-Coo) Mycobacterium have a rigid cell wall (Brennan and
Nikaido,1995), which affects the permeability towards nutrients and other hydrophilic
substances (Jarlier and Nikaido,1990; Liu et al.,1996; Wick et al.,2002).

It is known that G+ bacteria are more adapted to survive in dry soils. Praveen Kumar
et al. (2014) researched the impact of drought (-1.2MPa water potential caused by
PEG 6000) and salinity (-6MPa water potential due to addition of 1.2 M NaCl) water
stress on the growth of 120 Bacillus and 75 Pseudomonas isolates obtained from 31
locations in India. The isolates were considered tolerant, if the optical density (600nm)
of 0.1 was reached after 6 days of incubation at 28 °C. Of these 120 Bacillus isolates

72 were able to tolerate osmotic pressure of -6MPa and 23 -1.2MPa matric potential.
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In case of Pseudomonas isolates only 7 could tolerate the exposure to -6MPa osmotic
pressure and 14 to matric pressure. Also, while 60 percent of Bacillus isolates were
tolerant to low osmotic pressure, compared to only 10% of Pseudomonas isolates, only
around 20% isolates from both genera exhibited tolerance to matric stress. Similarly,
McAneney et al.(1982) reported that with reduction of water potential, with addition of
both, NaCl and PEG4000 inhibited the growth of E. coli at -0.8MPa matric potential
and -4 MPa osmotic potential.

In this study, though the most susceptible strain was G- P. fluorescens, growth of some
of the G+ strains was also inhibited by reduced water potential. In general, however,
this study also shows that different strains react differently to reduced water potential
and the stress type.

The impact of water stress on bacterial growth in various growth conditions has also
been reported. Hachicho et al. (2017) showed different response to osmotic stress of
P. putida in planktonic (submersed) and agar plates (surface) growth. The 6 strains
used in this study exhibited different levels of growth inhibition depending on the growth
conditions as well. Higher tolerance of most bacterial strains to reduced water
potentials was observed when grown as surface culture. In soil most bacteria live in
biofilms and microcolonies on the surface of soil minerals. In these conditions, bacteria
have been shown to exhibit higher tolerance to environmental stress, compared to
submersed growth (Baumgarten et al., 2012; Keweloh et al.,1989). In surface growth
the substrate diffusion and the removal of metabolites is limited to cell-agar interface,
therefore, the colony growth rate on the surface is suppressed, compared to
submersed growth (Kabanova et al., 2012; Skandamis and Jeanson, 2015). Thus,
during surface growth with limited cell dispersal, the impact of substrate diffusion
limitation on microbial growth conceal the impact of osmotic stress (Tronnolone et al.,
2018; Worrich et al., 2016).

Studies available on the bacterial response to matric and osmotic stress vary in growth
conditions and factors that affect stress response significantly (growth media, degree
of stress, stress type). Therefore, the comparison between studies should be done
very cautiously. In this study we provide an overview of the impact of both matric and
osmotic stress on the growth inhibition and changes in surface hydrophobicity of a
wide range of typical soil microorganisms exposed to same conditions, hence allowing

a direct comparison between the strains.
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6.1.2 Bacterial cell surface hydrophobicity

Impacts of matric and osmotic stress on the surface hydrophobicity of different
bacterial strains have been studied under submersed and surface growth conditions.
Increase in surface hydrophobicity in response to water stress have been observed for
most of the strains used in this study. However, only P. fluorescens surface
hydrophobicity increased in all the investigated growth conditions and the surface
hydrophobicity of R. erythropolis was not affected at all. In other words, our results
show that the response on the water stress is dependent on stress level, type, and
strain and growth conditions.

P. fluorescens was the most susceptible strain and showed increased hydrophobicity
in all growth conditions. In the study of Hachicho et al. (2017) increase in surface
hydrophobicity of P. putida mt-2 compared to unstressed control was observed during
submersed growth, similar to increase in CSH of P. fluorescens in this study. However,
Hachicho et al. (2017) reported 90° contact angle for P. fluorescens during surface
growth, compared to 40° obtained in this study. Exposure to osmotic stress resulted in
decrease in contact angle, while P. fluorescens contact angle increased. Increase in
contact angle due to exposure to osmotic stress of 2 P. putida strains were also
reported by Achtenhagen et al. (2015) and Baumgarten et al. (2012). But the water
potential values used in the studies were significantly lower than the ones used in this
study (-9.8 MPa (Achtenhagen et al.,2015) and -7 MPa (Baumgarten et al., 2012)).
During the surface growth A. chlorophenolicus strains reduced the surface
hydrophobicity compared to the unstressed control. (Hachicho et al., 2017) observed
this in her study with P. putida, where the surface hydrophobicity of the strain reduced
with lower water potentials. R. erythropolis and M. pallens exhibited very high surface
hydrophobicity of unstressed culture but did not get affected by water stress. The high
level of initial surface hydrophobicity can be explained by the presence of mycolic acid
in the cell wall of these bacteria (Stratton et al., 2002). Our results also indicate an
upper limit for increase in surface hydrophobicity (~110°), which could be associated
with maintaining the essential cell functions. High levels of surface hydrophobicity can
affect the permeability, thus limiting the water and nutrient diffusion to the bacterial cell
(Liu et al.,1996). Additionally, it is known, that exposure to osmotic stress results in
reduced cell size, due passive loss of cytoplasmatic water, which in turn results in
protein crowding (Zhou et al.,, 2008). Protein crowding has been shown to be

associated with reduced diffusion coefficient (Mika et al.,, 2010) and can affect
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structural and functional properties of membrane proteins (Miller et al., 2016).

In summary, the results of the stress exposure experiments in pure culture confirmed
the hypothesis, that growth of microorganisms under water stress is accompanied with
growth inhibition and changes in cell surface hydrophobicity. Furthermore, we
confirmed that the degree of stress response was different depending on the stress
type, with matric stress having stronger impact on the growth but not the surface
hydrophobicity at lower water potentials. Additionally, the assumption is that bacterial
response to osmotic stress will be different in growth conditions similar to one in soil,
compared to liquid cultures. During surface growth bacteria were less susceptible to

osmotic stress.

6.2 Cell mineral associations: surface wettability development

and persistence

It is known that microbial living biomass and necromass contribute to SOM formation
(Miltner et al., 2012), thus can influence surface properties of soil minerals, such as
wettability. As already shown before (Figure 5), increase in bacterial cell surface CA
occurs as an adaptation mechanism to water stress. To test our hypothesis, that the
direct attachment of bacterial cells to soil particles will impact the wettability of the
minerals and that osmotic stress-induced changes in bacterial cell surface
hydrophobicity will exacerbate the impact, incubation experiment with bacterial cell-
mineral associations was conducted.

The results showed that the attachment of bacterial cells renders originally wettable
minerals hydrophobic. The attachment of stressed bacterial cells of both strains
hindered quartz particles initially more hydrophobic. However, B. subtilis had stronger
impact, compared to P. fluorecens. CMAs with B. subtilis had significantly higher CA,
compared to the CA of the pure culture, in both, stressed and unstressed CMAs, while
the initial CA of CMAs with P. fluorescens cells were similar to the CA of the unstressed
and stressed pure culture. Nevertheless, within the first 7 days of incubation the CA of
B. subtilis CMAs decreased, while increase was observed in P. fluorescens CMAS,
followed by reduction in the CMA with stressed P. fluorescens cells. These changes in
surface wettability of CMAs were accompanied by reducing respiration rates, which
completely ceased after 7 days in CMAs with both strains. Achtenhagen et al. (2015)
reported similar results, when studying the attachment of P. putida (Bunstressed = 42°,

Bstressed = 65°) cells to mineral particles. The surface hydrophobicity of the minerals
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significantly increased, and stress exposed cells rendered the minerals more
hydrophobic, than the unstressed control (Bunstesseda = 61° and Bsgessea = 86°).
Additionally, the degree of hydrophobicity of minerals with P. putida were higher,
compared to the pure culture CA. However, in this study, this was observed for B.
subtilis, but not P. fluorescens.

The results of Achtenhagen et al. (2015) also showed, that with increasing surface
coverage of minerals by bacterial cells, contact angle of cell-mineral associations
increased, reaching the maximal contact angle already at 20% and 10% surface
coverage, for unstressed and stressed P. putida cells, respectively. Further increase
in surface coverage had no additional impact on contact angle. In our study, the
surface coverage was estimated to be between 10- 20% (based on bacterial cell size
and SSA of medium sized quartz (Achtenhagen et al., 2015)).

The decrease in the total amount of PLFA identified and reduced microbial respiration
in the CMA microcosms with both strains, indicate decrease in surface coverage of
CMA, thus resulting in reduced contact angle, in all treatments except CMAs with
unstressed P. fluorecense. The contact angle of CMAs with addition of unstressed P.
fluorescens increased over the first 8 days of incubation but stayed relatively constant
afterwards. Bacterial survival under osmotic stress is an extremely energy requiring
process (Oren,1999), in addition, after removal of osmotic stress, bacteria are
transferred to an environment with low energy and nutrient availability. In this
environment unstressed cells have bigger chance of survival, using the nutrients
derived from cell death, they maintain their population. In low energy conditions
bacteria are prone to reduce their size, either by shrinking (Kieft et al.,1997) or by cell
fragmentation (division without growth) (Amy et al.,1993), which would result in
reduced surface coverage and consequently reduction in surface hydrophobicity of
CMAs with stressed B. subtilis and P. fluorescens. Furthermore, G- bacteria (E. coli)
exhibited increase in surface hydrophobicity when exposed to starvation. This
improves their adhesion to particles, which has been indicated to be a survival strategy
of copiotroph bacteria in oligotrophic growth conditions (Saini et al., 2011).

The incubation experiment with CMAs confirmed the hypothesis, that bacterial cell
surface hydrophobicity impacts the wettability of soil minerals. Moreover, the extent of
the induced water repellency depends on strain. The results indicate that the stress-
induced increase in hydrophobicity do not persist for long, however full wettability is

not recovered, even under extreme nutrient limitation.
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6.3 Impact of soil water content on soil wettability and microbial

community composition

6.3.1 Changes in soil wettability

The two soils exhibited different response to incubation modes in terms of the surface
hydrophobicity. The CAL soil, collected from the location with lower MAP was initially
more hydrophobic (6=128 + 6°) and the CA was not affected by the incubation modes.
In contrast, LUE soil, the “dry” incubation mode rendered the LUE soil significantly
more hydrophobic, while no major changes were observed in “wet” and “intermittent”
modes. Soil water content is shown to be one of the major factors controlling the SWR
and it is negatively correlating to SWR (de Jonge et al.,1999; Goebel et al., 2011;
Hermansen et al., 2019; Karunarathna et al., 2010; Wijewardana et al., 2016). Thus,
as expected the contact angle of Luss soil increased when dried. In the initially
hydrophobic CAL soil changes in soil contact angle were not observed. Various models
have been proposed for predicting the relationship between soil water content to soil
hydrophobicity and its persistence (Bachmann et al., 2007; Karunarathna et al., 2010;
Kawamoto et al., 2007; Vogelmann et al., 2013). Irrelevant of the method used in these
studied to determine soil surface hydrophobicity, the common conclusion was, that
there is a critical soil volumetric water content, below which the surface hydrophobicity
of the soil increases, until it reaches a maximal value at the critical WC. Increase in
soil WC above this point will render the soil hydrophilic. The threshold water content at
which hydrophobic soil will become hydrophilic is dependent on SOC and texture. For
hydrophobic soils with similar texture and C content as the CAL soil, this threshold
would be above 45% volumetric water content (Karunarathna et al., 2010;
Wijewardana et al., 2016). However, in our experiment volumetric water content of the
“wet” treatment was 19%, which is far below the threshold. With increasing soil water
content hydrophobicity remains high until it reaches water content close to field
capacity. If the soil water content remains at field capacity or continues increasing for
prolonged period of time the soil eventually will become hydrophilic (Vogelmann et al.,
2013), due to the re-establishment of sorptivity. Furthermore, wetting of a dry soil can
lead to the rearrangement of amphiphilic compounds, coating the surface of soll
aggregates. Goebel et al. (2011) suggested, that SWR reduced infiltration, thus
protecting the soil aggregates from fast breakdown. Prolonged exposure to water will

allow the reorientation of amphiphilic compounds on the surface of the aggregates,
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allowing the infiltration and consequent release of the SOM entrapped within the
aggregates. This possibly could lead to an extended release of hydrophobic

compounds, increasing the time required for the soil to become hydrophilic.

6.3.2 Changes in soil microbial community composition

Exposure to environmental stressors, such as drought, are known to impact soil
microbial activity and community composition. The two soils were chosen for this
experiment because of their exposure to different levels of mean annual precipitation
and differences in their surface hydrophobicity. However, prior to the start of the
experiment both soils were wetted to approximately 45% gravimetric water content and
then dried to reach water contents corresponding to pF2.5 and pF4.2.

6.3.2.1 Water regime related changes in living microbial biomass

Total PLFA amount was initially significantly higher in CAL soil, compared to LUE soil.
(Lozano et al., 2014) analyzed microbial community structure and composition in soils
with different levels of water repellency and found that the soils with strong level of
water repellency ((log (WDPT)>1) had the highest amount of total PLFA. Also increase
in total PLFA in forest soil during the dry season was also reported by (Bhardwaj et al.,
2020). The presence of hydrophobic compounds in water repellent soil may cause a
shift in the community structure, selecting microorganisms capable to degrade these
compounds (Roper,2004). The major proportion of identified microorganisms, capable
to degrade hydrophobic compounds belongs to Actinobacteria (Roper,2004). In the
CAL soil Actinobacteria were relatively more abundant than in LUE soil, indicating a
possible adaptation to the high levels of surface hydrophobicity. The high relative
abundance of Actinobacteria, could also be responsible for the significantly higher CA
of CAL soil, compared to LUE soil (Figure 12). Most strains isolated in the study of
(Roper, 2004; Roper, 2006) belonged to Rhodococcus and Mycobacterium genera.
Both, Rhodococcus and Mycobacterium strains used in this study, exhibited extremely
high levels of CSH, indicating a possible involvement of bacterial in the development
of SWR.

Addition of substrate resulted in decrease in total PLFA amount in both soils. However,
in LUE soil, the reduction was more prominent, compared to CAL soil. It is known that

exposure to salt stress can result in rapid decline in number of microorganisms and
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species diversity in soil (Polonenko et al., 1986; Rath and Rousk, 2015). However,
large number of the soil microorganisms are able to rapidly adapt salt stress, (Bremer
and Kramer, 2019). In this study, addition of substrate resulted in rapid and significant
reduction of osmotic potential in the soil solution (approx.-2.5 MP for CAL and -1.6MPa
for LUE soil). (Kakumanu and Williams, 2014) compared the impact of osmotic stress
on microbial biomass in two soils. Results showed that the more drought-prone soil
was less susceptible to osmotic stress, than the frequently exposed to floods soil.
Differences between adaptation levels to water stress of microbial communities can
explain different responses of LUE and CAL sails to increased osmotic potential.

In “dry” LUE soil an initial increase in total microbial biomass was observed, which
contradicted to our expectations (Figure 13). The adjustment of water content to pF4.2
took approx. 2 months, compared to 11 days to achieve pF2.5. Increase in microbial
biomass in a California grassland over the dry summer was reported by (Schimel et
al., 2011).

Production of cyclopropane fatty acids is a response to various environmental
stressors, including starvation in G- bacteria (Murinova and Dercova, 2014; Ramos et
al., 2001). In our experiment the ratio of cyclopropane fatty acids to their precursor was
initially significantly higher in “dry” soil, indicating growth, followed by stress adaptation
to reduced substrate availability of G- bacteria during the 2-month pre-incubation.
Overall, the relative abundance of PLFA biomarkers (G+, G-, Fungi and
Actinobacteria) bacterial biomass were more strongly influenced by substrate
amendment and incubation time, rather than the incubation modes. Similar results
were reported by (Bastida et al., 2017), showing that substrate amendment mitigates
the response to water stress.

In our experiment the relative abundance of different PLFA groups were relatively
stable throughout the incubation period. In an experiment of (Ouyang and Li, 2020)
forest soil from a northwestern China, with mean annual precipitation of 600 mm, was
exposed to drying-rewetting cycles with different frequencies: 2-14 cycles during 80-
day period. Results indicated no significant differences between total, bacterial and
fungal PLFAs in any of the treatments. SOM is one of the major factors influencing
microbial resistance to repeated drying-rewetting cycles and soils with high C level are
more resistant to drought (Hueso et al., 2012; Kaiser et al., 2015; Zhao et al., 2010).
Both of the soils used in our experiment have relatively high organic C which could
explain the resistance to water stress.

Nevertheless, it is important to keep in mind that the taxonomic resolution of PLFA
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biomarkers is rather coarse, thus cannot provide accurate picture of water stress driven

changes in community composition.

6.3.2.2 The effect of water regimes on diversity and structure of

bacterial communities

Exposure to drying-rewetting cycles and drought have little impact on the diversity of
soil communities (Fierer et al., 2003; Kundel et al., 2020; Meisner et al., 2018) and pre-
exposure to drought can mitigate the response (Bouskill et al., 2013). This is in line
with our finding that no major changes in species richness and diversity in CAL soll
was overserved, while LUE was more susceptible to drought. The spices richness and
diversity were decreased more by incubation time and substrate amendment, rather
than water stress. This finding is in line with the results reported by Bastida et al.
(2017). However, substrate addition resulted in reduced species diversity and
richness, which is contradicting to their results.

In this study bacterial communities in both soils were dominated by Proteobacteria,
Acidobacteria, Actinobacteria. Members of Firmicutes and Planctomycetes were also
identified but were less abundant. Proteobacteria, Acidobacteria and Actinobacteria
are reported to be the most abundant bacterial phyla found in forest soils (Hartmann
et al., 2017; Wei et al., 2018).

While in LUE soil most abundant phylum was Proteobacteria, CAL soil was dominated
by Actinobacteria. Prevalence of Actinobacteria over other phyla, including
Proteobacteria has been observed in dry soils, while Proteobacteria are more
dominant in soils with high moisture level (Chodak et al., 2015; Evans et al., 2014).
Next most abundant phyla was Acidobacteria,in particular, members of order
Acidobacteriales and Solibacteriales.

Both orders belonging to subdivion 1 (Kalam et al., 2020) are reported to be abundant
in forest soils with different plant covers (Foesel et al., 2014; Mannisto et al., 2018;
Navarrete et al., 2015; Zhang et al., 2020). Members of the subdivision 1 have been
reported to promote plant growth (Kielak et al., 2016) and produce EPS with high
industrial and ecological value (Kielak et al., 2017). Relative abundance of
Acidobacteria was reported to be negatively correlated with soil pH, with significant
increase below pH 5.5 (Griffiths et al., 2011) and N amendment (Fierer et al., 2012).
Decrease in relative abundance of Acidobacteria, with increasing amount of N has

been reported (Ramirez et al., 2010). Furthermore, Acidobacteria are reported to be
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mainly oligotrophs and play an important ecological role in degradation of
polysaccharides in forest soils (Lladé et al., 2016).

In both non-amended soils, the changes in community composition, driven by “dry”
and “intermittent” modes were extremely moderate. Most studies reporting more
drastic changes in community composition due to drought or drying rewetting use a
wide range of water contents, with more extreme differences (Evans and Wallenstein,
2012; lovieno and Baath, 2008; Veach and Zeglin, 2020; Yemadije et al., 2017). The
soil water content of the “dry” incubation mode was adjusted to water potential,
corresponding to the permanent wilting point. At this water potential, however, the
water content of both soils was approximately 50-60% of WHC, which is an optimal
condition for microbial activity (Franzluebbers, 2020; Uhlifova et al., 2005), thus the
microbial growth condition did not drive major changes in community composition.
However, substrate amendment accentuated the differences between incubation
modes.

In LUE soil at both substrate levels the relative abundance of Acidobacteria slightly
reduced in “dry” and “intermittent” incubation modes, while Actinobacteria increased
(“wet” < “intermittent” < “dry”). This response was more prominent in substrate
amended soils. A decrease in relative abundance of Acidobacteria, accompanied with
increase in Actinobacteria during dry-down were also reported in a study of (Barnard
et al., 2013). Furthermore, Actinobacteria play an essential role in decomposition of
recalcitrant carbon abundant in drought-prone, oligotrophic soils (Bao et al., 2021;
Hartmann et al., 2017). Despite that, Fierer et al. (2007) reported that some orders of
Actinobacteria could not be assigned into copiotrophic or oligotrophic category and
certain representatives of Actinobacteria phyla have been shown to increase in relative
abundance when sucrose was added to soil (Chodak et al., 2015; Goldfarb et al.,
2011). Therefore, though the increase in Actinobacteria was observed in non-amended
soil, substrate amendment provided perfect growth conditions for the growth of
Actinobacteria, particularly order Frankiales, compared to oligotrophic Acidobacteria.
Members of order Frankiales are capable of forming symbiont root nodules in
dicotyledonous plants, such as Beech, thus fixing nitrogen for their growth and nutrition
(Ghodhbane-Gtari et al.,2019). Furthermore,

Frankiales members are drought tolerant, due to hyphal growth and the ability to
produce spores (Burleigh and Dawson,1994). Frankiales have been shown to improve
plant growth under drought (Kucho et al., 2019; Srivastava et al., 2013) and can be
used as biofertilizers in drought affected regions (Sayed, 2011) to improve the crop

production.
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Decrease in Proteobacteria was observed as well. G- Proteobacteria are known to be
sensitive to changes in environmental conditions and are strongly affected by drought
(Barnard et al., 2013; Uhlifova et al., 2005).

CAL sail, characterized with lower mean annual precipitation, compared to LUE soil,
was less affected by different water regimes. It is known, that soils with drought history,
can exhibit more tolerance to dry conditions (Bouskill et al., 2013; Leizeaga et al.,
2020). In non-amended CAL soil almost no changes in relative abundances were
observed. Only slight increase in Actinobacteria and decrease in Acidobacteria were
observed in the “dry” incubation mode. The changes in community composition were
accentuated by addition of substrate. As in case of LUE soil, relative abundance of
Actinobacteria increased in all substrate amended soil, however, was the highest in
“dry” mode, followed by “intermittent” and “wet” modes. As in LUE, significant reduction

in the relative abundance of Proteobacteria, was observed as well.

6.4 Microbial drivers of SWR

Results (Figure 5) indicated that water stress results in increased bacterial cell surface
hydrophobicity, consequently rendering soil minerals more hydrophobic, compared to
unstressed cells (Figure 7). Bacterial living biomass and necromass impact the quality
of SOM, a determining factor for occurrence of SWR, indicating the involvement of soil
microbes in the development of soil hydrophobicity. There are several challenges in
identifying specific bacterial drivers of SWR. Culturable bacteria are considered to be
a useful tool to assess changes driven by various environmental factors (Bakken,
1997). However, most bacteria remain uncultured (Steen et al., 2019). Furthermore, it
has been shown that the culturability of bacteria is significantly lower in hydrophobic
soils, compared to hydrophilic ones (Braun et al., 2010).

Soil microorganisms can both be the source of SWR (Achtenhagen et al., 2015) and
some (e.g. Actinobacteria, (Roper, 2004)) have been shown to mediate the
decomposition of hydrophobic compounds (Doerr et al.,2000). However, we observed
stress driven increased CA in all the strains tested, irrelevant of their metabolic
versatility. Therefore, deciphering relationship between specific microbes and SWR
based on culture-dependent or conventional culture-independent methods is

challenging.

Several studies successfully used RF analysis of 16S rRNA sequences to identify

“pioindicators” for litter decomposition (Thompson et al., 2019), microbial response to
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physical disturbances in soil (Wang et al., 2020a), predict soil physico-chemical
properties based on microbial community (Hermans et al.,, 2020) and drivers of
community resistance to global changes in drylands (Delgado-Baquerizo et al., 2017).
In this study random forest analysis was implemented to identify bioindicators
responsible for SWR. A low taxonomic resolution was used, as information on low
taxonomic levels is becoming increasingly available (Fierer et al., 2007), and are
present in different soils across the globe, allowing comparison between different
ecosystems. This analysis allowed the identification of particular microbial taxa as
drivers of changes in microbial community composition due to changes in soil water
availability and possible determinants of SWR. A relatively small number of ASVs were
selected by RF as “bioindicators” for different treatments. Only a few ASVs were
unique to a treatment; most ASVs were common between treatments but exhibited
different abundances. This result indicates that the relative abundances of certain
microbial taxonomic groups rather than their presence or absence, could be more
important for differentiation between different treatments. Once the samples were
classified with low out-of-bag error rate, RF was effective in identifying “bioindicator”
ASVs. In our study we observed a high out-of-bag error rates, probably due to
heterogeneity in soil samples and similarity in moisture conditions between incubation
modes. The differences between the incubation mode were driven mostly by changes
in the relative abundance of representatives of different phyla.

In both non-amended soils, most of ASVs identified as bioindicators belong to
Proteobacteria and Acidobacteria phyla. All the ASVs from Proteobacteria phylum
belonged to Alphaproteobacteria class, which is characteristic for forest soil microbial
communities (Nacke et al., 2011). In substrate amended soils however, majority of
ASVs belonged to Actinobacteria and Proteobacteria. As previously mentioned,
addition of substrate resulted in reduced relative abundance of oligotrophic
Acidobacteria. In LUE soil an ASV representative of order Saccharimondales of
Pateschibacteria phylum were identified at the beginning of the incubation but were
absent after the incubation. Saccharimondales are associated with soils from high
moisture climates (Chen et al., 2020). Three ASVs belonging to two different orders of
Planctomycetes and 1 Armatimonadetes phylum were detected in CAL soil. Increase
in relative abundance of Planctomycetes was observed in the study of (Dai et al., 2019)
in drought affected soils. Armatimonadetes are found to be abundant in paddy soails,
and decrease in relative abundance, when exposed to drought (Jang et al., 2020). The
presence of ASV corresponding to this phylum at the beginning of the incubation can

be explained by the wetting of the soil to 45% WC for the pre-incubation.
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The proposed hypothesis, that dry conditions increase SWR levels in soil and that the
changes differ depending on soil moisture history, was confirmed. The results showed
that the drying and drying-rewetting event increase the SWR, however the extent of
these changes is mitigated by the soil drought history. Furthermore, as expected, in
the soil with high level of SWR the microbial community was initially more adapted to
dry conditions and was more resistant to reduced water availability, compared to the
moderately repellent soil. Additionally, the results showed that only a small fraction of
total community is involved in driving the changes in its structure, including members

of several less abundant orders.
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Hydrophobic compounds derived from plants and microorganisms, coating soil
particles and soil aggregates, cause SWR. However, due to their significant
contribution to SOM (Miltner et al., 2012), understanding the direct involvement of
bacteria in the development of SWR would lead to better understanding of the
occurrence and persistence of SWR in soil. As global climate change becomes more
severe the frequency and intensity of droughts increases, lowering availability of water
from soil microorganisms. Our results showed that reduced water potential in most
cases leads to increase in surface hydrophobicity of bacterial cells. However, the
response to water stress can vary depending on the strain, origin of the stress and the
growth conditions. Growing in biofilms or microcolonies as they occur in soil show
advantage over submersed growth regarding tolerance of environmental stress. The
CSH of G+ bacteria were not affected during surface growth; however, most were
initially hydrophobic. As an adaptive response to water stress G- bacterial CSH
increased with increasing water stress. This means that when exposed to water stress
(pF value >4.2) in soil G- bacteria increase CSH hydrophobicity to survive the drought.
In addition, results obtained in the CMA incubation experiment confirmed that bacterial
adhesion to mineral particles renders them less hydrophilic, with G+ bacteria having
initially stronger short-term impact, significantly declining with improvement of
environmental conditions. In contrast, surface hydrophobicity induced by G- bacteria
can increase even after the removal of the stressor, and it can persist for longer
periods. All the hypotheses in this study were based on the assumption that soil water
repellency is caused by the cell surface hydrophobicity of soil bacteria. The
investigation of microbial community and SWR response to reduced water availability
showed, that the community composition reflects our assumptions, with the more
hydrophobic soil being dominated with G+ bacteria, while G- bacteria were relatively
more abundant in the moderately repellent soil. Furthermore, the increased SWR in
the moderately hydrophobic soil was accompanied with increase of G+ bacteria, in
particular Actinobacteria, representatives of which exhibited higher level of water
repellency. Considering the similarity of physico-chemical properties of the two soils, it

is safe to assume a correlation between the SWR and microbial community.

In conclusion, considering increase in cell surface hydrophobicity as an adaptive stress
response, the impact of bacterial cells on wettability of minerals and the changes in
SWR and microbial community in response to variations in soil WC, it is inferred, that

soil bacteria play a significant role in development of SWR, not only by production or
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degradation of hydrophobic compounds found in soil, but also by directly impacting the
surface properties of soil particles.

The fast response of microbial communities to environmental stress indicates, that
short term SWR is induced by microbes. However, prolonged dry conditions will
eventually lead to a shift towards more adapted microbial community with more
hydrophobic cells, thus contributing to the persistent SWR. We conjecture that SWR
is caused by changes in the microbial community, rather than the opposite and there
is positive feedback between bacterial CSH and SWR, which drives the formation of

hydrophobic domains in soil.

81



8 REFERENCES

Achtenhagen J, Goebel M-O, Miltner A, Woche SK, Kastner M (2015) Bacterial
impact on the wetting properties of soil minerals. Biogeochemistry
122(2):269-280

Acosta-Martinez V, et al. (2014) Predominant bacterial and fungal assemblages in
agricultural soils during a record drought/heat wave and linkages to enzyme
activities of biogeochemical cycling. Applied Soil Ecology 84:69-82

Adam IKU, Miltner A, Kastner M (2015) Degradation of 13C-labeled pyrene in soil-
compost mixtures and fertilized soil. Applied Microbiology and Biotechnology
99(22):9813-9824

Ahmed E, Hugerth LW, Logue JB, Briichert V, Andersson AF, Holmstrém SJM
(2017) Mineral Type Structures Soil Microbial Communities. Geomicrobiology
Journal 34(6):538-545

Alanis N, Hernandez-Madrigal VM, Cerda A, Mufioz-Rojas M, Zavala LM, Jordan A
(2017) Spatial Gradients of Intensity and Persistence of Soil Water
Repellency Under Different Forest Types in Central Mexico. Land
Degradation & Development 28(1):317-327

Amy PS, Durham C, Hall D, Haldeman DL (1993) Starvation-survival of deep
subsurface isolates. Current Microbiology 26(6):345-352

Arnaouteli S, MacPhee CE, Stanley-Wall NR (2016) Just in case it rains: building a
hydrophobic biofilm the Bacillus subtilis way. Current Opinion in Microbiology
34:7-12

Bachmann J, Deurer M, Arye G (2007) Modeling Water Movement in Heterogeneous
Water-Repellent Soil: 1. Development of a Contact Angle—Dependent Water-
Retention Model. Vadose Zone Journal 6(3):436-445

Bachmann J, Krueger J, Goebel M-O, Heinze S (2016) Occurrence and spatial
pattern of water repellency in a beech forest subsoil. Journal of Hydrology
and Hydromechanics 64(2):100-110

Bachmann J, Soffker S, Sepehrnia N, Goebel M-O, Woche SK (2021) The effect of
temperature and wetting—drying cycles on soil wettability: Dynamic molecular
restructuring processes at the solid—water—air interface. European Journal of
Soil Science n/a(n/a)

Bachmann J, Woche SK, Goebel M-O, Kirkham MB, Horton R (2003) Extended
methodology for determining wetting properties of porous media. Water
Resources Research 39(12)

82



REFERENCES

Bakken LR ( 1997 ) Culturable and nonculturable bacteria in soil. In: Elsas JD, van
Trevors JT, Wellington EMH (eds) Modern soil microbiology. Marcel Dekker
Inc., New York p47-61

Bao VY, et al. (2021) Important ecophysiological roles of non-dominant Actinobacteria
in plant residue decomposition, especially in less fertile soils. Microbiome
9(1):84

Bapiri A, Baath E, Rousk J (2010) Drying—Rewetting Cycles Affect Fungal and
Bacterial Growth Differently in an Arable Soil. Microbial Ecology 60(2):419-
428

Barnard RL, Osborne CA, Firestone MK (2013) Responses of soil bacterial and
fungal communities to extreme desiccation and rewetting. ISME Journal
7(11):2229-2241

Bastida F, Torres IF, Herndndez T, Garcia C (2017) The impacts of organic
amendments: Do they confer stability against drought on the soil microbial
community? Soil Biology and Biochemistry 113:173-183

Baumgarten T, et al. (2012) Membrane Vesicle Formation as a Multiple-Stress
Response Mechanism Enhances &lt;span class=&quot;named-content
genus-species&quot; id=&quot;named-content-1&quot;&gt;Pseudomonas
putida&lt;/span&gt; DOT-T1E Cell Surface Hydrophobicity and Biofilm
Formation. Applied and Environmental Microbiology 78(17):6217

Bayad M, Chau HW, Trolove S, Moir J, Condron L, Bouray M (2020) The
Relationship between Soil Moisture and Soil Water Repellency Persistence in
Hydrophobic Soils. Water 12(9):2322

Bhardwaj Y, Sharma MP, Pandey J, Dubey SK (2020) Variations in microbial
community in a tropical dry deciduous forest across the season and
topographical gradient assessed through signature fatty acid biomarkers.
Ecological Research 35(1):139-153

Blanco-Canqui H (2011) Does no-till farming induce water repellency to soils? Soll
Use and Management 27(1):2-9

Bligh EG, Dyer WJ (1959) A rapid method of total extration and purification.
Canadian Journal of Biochemistry and Physiology 37(8):911-917

Bond R, Harris J (1964) The influence of the microflora on the physical properties of
soils. I. Effects associated with filamentous algae and fungi. Soil Research
2(1):111-122

Bos R, van der Mei HC, Busscher HJ (1999) Physico-chemistry of initial microbial
adhesive interactions — its mechanisms and methods for study. FEMS
Microbiology Reviews 23(2):179-230

83



REFERENCES

Bouskill NJ, et al. (2013) Pre-exposure to drought increases the resistance of tropical
forest soil bacterial communities to extended drought. Isme j 7(2):384-94

Braun B, Bdckelmann U, Grohmann E, Szewzyk U (2010) Bacterial soil communities
affected by water-repellency. Geoderma 158(3-4):343-351

Breiman L (2001) Random Forests. Machine Learning 45(1):5-32

Bremer E, Kramer R (2019) Responses of Microorganisms to Osmotic Stress.
Annual Review of Microbiology 73(1):313-334

Brennan PJ, Nikaido H (1995) The envelope of mycobacteria. Annu Rev Biochem
64:29-63

Brown AD (1990) Microbial water stress physiology. Principles and perspectives.
John Wiley & Sons, Chichester

Burleigh SH, Dawson JO (1994) Desiccation tolerance and trehalose production in
Frankia hyphae. Soil Biology and Biochemistry 26(5):593-598

Callahan BJ, McMurdie PJ, Holmes SP (2017) Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. The ISME
Journal 11(12):2639-2643

Campbell GS, Gardner WH (1971) Psychrometric Measurement of Soil Water
Potential: Temperature and Bulk Density Effects. Soil Science Society of
America Journal 35(1):8-12

Cania B, Vestergaard G, Krauss M, Fliessbach A, Schloter M, Schulz S (2019) A
long-term field experiment demonstrates the influence of tillage on the
bacterial potential to produce soil structure-stabilizing agents such as
exopolysaccharides and lipopolysaccharides. Environmental Microbiome
14(1):1

Chang WS, van de Mortel M, Nielsen L, Nino de Guzman G, Li X, Halverson LJ
(2007) Alginate production by Pseudomonas putida creates a hydrated
microenvironment and contributes to biofilm architecture and stress tolerance
under water-limiting conditions. J Bacteriol 189(22):8290-9

Chen Q, Meyer WA, Zhang Q, White JF (2020) 16S rRNA metagenomic analysis of
the bacterial community associated with turf grass seeds from low moisture
and high moisture climates. PubMed

Chodak M, Gotebiewski M, Morawska-Ptoskonka J, Kuduk K, Niklihska M (2015) Soil
chemical properties affect the reaction of forest soil bacteria to drought and
rewetting stress. Annals of Microbiology 65(3):1627-1637

84



REFERENCES

Chowdhury N, Marschner P, Burns R (2011) Response of microbial activity and
community structure to decreasing soil osmotic and matric potential. Plant
and Soil 344(1):241-254

Cook BI, Mankin JS, Anchukaitis KJ (2018) Climate Change and Drought: From Past
to Future. Current Climate Change Reports 4(2):164-179

Costa OYA, Raaijmakers JM, Kuramae EE (2018) Microbial Extracellular Polymeric
Substances: Ecological Function and Impact on Soil Aggregation. Frontiers in
Microbiology 9(1636)

Csonka LN, Hanson AD (1991) Prokaryotic osmoregulation: genetics and physiology.
Annu Rev Microbiol 45:569-606

Curiel Yuste J, et al. (2014) Strong functional stability of soil microbial communities
under semiarid Mediterranean conditions and subjected to long-term shifts in
baseline precipitation. Soil Biology and Biochemistry 69:223-233

Dai L, Zhang G, Yu Z, Ding H, Xu Y, Zhang Z (2019) Effect of Drought Stress and
Developmental Stages on Microbial Community Structure and Diversity in
Peanut Rhizosphere Soil. International journal of molecular sciences
20(9):2265

de Carvalho CCCR, Fischer MA, Kirsten S, Wirz B, Wick LY, Heipieper HJ (2016a)
Adaptive response of Rhodococcus opacus PWD4 to salt and phenolic stress
on the level of mycolic acids. AMB Express 6(1):66

de Carvalho CCCR, Fischer MA, Kirsten S, Wiirz B, Wick LY, Heipieper HJ (2016b)
Adaptive response of Rhodococcus opacus PWD4 to salt and phenolic stress
on the level of mycolic acids. AMB Express 6(1):66-66

de Carvalho CCCR, Marques MPC, Hachicho N, Heipieper HJ (2014) Rapid
adaptation of Rhodococcus erythropolis cells to salt stress by synthesizing
polyunsaturated fatty acids. Applied Microbiology and Biotechnology
98(12):5599-5606

de Jonge LW, Jacobsen OH, Moldrup P (1999) Soil Water Repellency: Effects of
Water Content, Temperature, and Particle Size. Soil Science Society of
America Journal 63(3):437-442

de Vries FT, et al. (2018) Soil bacterial networks are less stable under drought than
fungal networks. Nature Communications 9(1):3033

De Vries FT, Shade A (2013) Controls on soil microbial community stability under
climate change. Frontiers in Microbiology

DeBano LF (1981) Water repellent soils: a state-of-the-art.

85



REFERENCES

DeBano LF (2000) Water repellency in soils: a historical overview. Journal of
Hydrology 231-232:4-32

DeBano LF, Krammes JS (1966) WATER REPELLENT SOILS AND THEIR
RELATION TO WILDFIRE TEMPERATURES. International Association of
Scientific Hydrology Bulletin 11(2):14-19

Dekker LW, Ritsema CJ (2000) Wetting patterns and moisture variability in water
repellent Dutch soils. Journal of Hydrology 231-232:148-164

Delgado-Baquerizo M, Eldridge DJ, Ochoa V, Gozalo B, Singh BK, Maestre FT
(2017) Soil microbial communities drive the resistance of ecosystem
multifunctionality to global change in drylands across the globe. Ecology
Letters 20(10):1295-1305

Delgado-Baquerizo M, et al. (2016) Microbial diversity drives multifunctionality in
terrestrial ecosystems. Nature Communications 7(1):10541

Doerr SH, Dekker LW, Ritsema CJ, Shakesby RA, Bryant R (2002) Water repellency
of soils. Soil Science Society of America Journal 66(2):401-405

Doerr SH, Ritsema CJ (2005) Water Movement in Hydrophobic Soils Encyclopedia of
Hydrological Sciences.

Doerr SH, Shakesby RA, Walsh RPD (2000) Soil water repellency: its causes,
characteristics and hydro-geomorphological significance. Earth-Science
Reviews 51(1):33-65

Drenovsky RE, Vo D, Graham KJ, Scow KM (2004) Soil Water Content and Organic
Carbon Availability Are Major Determinants of Soil Microbial Community
Composition. Microbial Ecology 48(3):424-430

Ellies A, Ramirez C, Mac Donald R (2005) Organic matter and wetting capacity
distribution in aggregates of Chilean soils. CATENA 59(1):69-78

Epstein AK, Pokroy B, Seminara A, Aizenberg J (2011) Bacterial biofilm shows
persistent resistance to liquid wetting and gas penetration. Proceedings of the
National Academy of Sciences 108(3):995

Evans SE, Wallenstein MD (2012) Soil microbial community response to drying and
rewetting stress: Does historical precipitation regime matter? Biogeochemistry
109(1-3):101-116

Evans SE, Wallenstein MD, Burke IC (2014) Is bacterial moisture niche a good
predictor of shifts in community composition under long-term drought?
Ecology 95(1):110-122

86



REFERENCES

Fatima A, Aftab U, Shaaban KA, Thorson JS, Sajid | (2019) Spore forming
Actinobacterial diversity of Cholistan Desert Pakistan: Polyphasic taxonomy,
antimicrobial potential and chemical profiling. BMC Microbiology 19(1):49

Fierer N, Bradford MA, Jackson RB (2007) Toward an ecological classification of soil
bacteria. Ecology 88(6):1354-64

Fierer N, Lauber CL, Ramirez KS, Zaneveld J, Bradford MA, Knight R (2012)
Comparative metagenomic, phylogenetic and physiological analyses of soil
microbial communities across nitrogen gradients. The ISME Journal
6(5):1007-1017

Fierer N, Schimel JP, Holden PA (2003) Variations in microbial community
composition through two soil depth profiles. Soil Biology and Biochemistry
35(1):167-176

Foesel BU, et al. (2014) Determinants of Acidobacteria activity inferred from the
relative abundances of 16S rRNA transcripts in German grassland and forest
soils. Environmental Microbiology 16(3):658-675

Franzluebbers AJ (2020) Holding water with capacity to target porosity. Agricultural &
Environmental Letters 5(1):€20029

Frostegard A, Baath E (1996) The use of phospholipid fatty acid analysis to estimate
bacterial and fungal biomass in soil. Biology and Fertility of Soils 22(1):59-65

Gee GW, Bauder JW (1986) Particle-size Analysis Methods of Soil Analysis. p 383-
411

Ghodhbane-Gtari F, et al. (2019) The plant-growth-promoting actinobacteria of the
genus Nocardia induces root nodule formation in Casuarina glauca. Antonie
van Leeuwenhoek 112(1):75-90

Gimbel KF, Puhimann H, Weiler M (2016) Does drought alter hydrological functions
in forest soils? Hydrol Earth Syst Sci 20(3):1301-1317

Goebel M-O, Bachmann J, Woche SK, Fischer WR (2005) Soil wettability, aggregate
stability, and the decomposition of soil organic matter. Geoderma 128(1):80-
93

Goebel MO, Bachmann J, Reichstein M, Janssens IA, Guggenberger G (2011) Soil
water repellency and its implications for organic matter decomposition — is
there a link to extreme climatic events? Global Change Biology 17(8):2640-
2656

Goldfarb KC, et al. (2011) Differential growth responses of soil bacterial taxa to
carbon substrates of varying chemical recalcitrance. Front Microbiol 2:94

87



REFERENCES

Griffiths RI, Thomson BC, James P, Bell T, Bailey M, Whiteley AS (2011) The
bacterial biogeography of British soils. Environmental Microbiology
13(6):1642-1654

Grillakis MG (2019) Increase in severe and extreme soil moisture droughts for
Europe under climate change. Science of The Total Environment 660:1245-
1255

Hachicho N, Birnbaum A, Heipieper H (2017) Osmotic stress in colony and
planktonic cells of Pseudomonas putida mt-2 revealed significant differences
in adaptive response mechanisms. AMB Express 7(1):62

Hall DJM, Jones HR, Crabtree WL, Daniels TL (2010) Claying and deep ripping can
increase crop yields and profits on water repellent sands with marginal fertility
in southern Western Australia. Soil Research 48(2):178-187

Hallett P AN INTRODUCTION TO SOIL WATER REPELLENCY. In, 2007.

Hallett PD, Bachmann J, Czachor H, Urbanek E, Zhang B (2011) Hydrophobicity of
Soil. In: Glinski J, Horabik J, Lipiec J (eds) Encyclopedia of Agrophysics.
Springer Netherlands, Dordrecht, p 378-384

Hallett PD, Young IM (1999) Changes to water repellence of soil aggregates caused
by substrate-induced microbial activity. European Journal of Soil Science
50(1):35-40

Hartmann M, et al. (2017) A decade of irrigation transforms the soil microbiome of a
semi-arid pine forest. Molecular Ecology 26(4):1190-1206

Heipieper HJ, Meinhardt F, Segura A (2003) The cis-trans isomerase of unsaturated
fatty acids in Pseudomonas and Vibrio: biochemistry, molecular biology and
physiological function of a unique stress adaptive mechanism. FEMS
Microbiol Lett 229(1):1-7

Hermans SM, Buckley HL, Case BS, Curran-Cournane F, Taylor M, Lear G (2020)
Using soil bacterial communities to predict physico-chemical variables and
soil quality. Microbiome 8(1):79

Hermansen C, et al. (2019) Organic carbon content controls the severity of water
repellency and the critical moisture level across New Zealand pasture soils.
Geoderma 338:281-290

Holden PA, Halverson LJ, Firestone MK (1997) Water stress effects on toluene
biodegradation by Pseudomonas putida. Biodegradation 8(3):143-151

Horne DJ, MciIntosh JC (2000) Hydrophobic compounds in sands in New Zealand—
extraction, characterisation and proposed mechanisms for repellency
expression. Journal of Hydrology 231-232:35-46

88



REFERENCES

Hueso S, Garcia C, Herndndez T (2012) Severe drought conditions modify the
microbial community structure, size and activity in amended and unamended
soils. Soil Biology and Biochemistry 50:167-173

Hueso S, Hernandez T, Garcia C (2011) Resistance and resilience of the soil
microbial biomass to severe drought in semiarid soils: The importance of
organic amendments. Applied Soil Ecology 50:27-36

Hutchison EA, Miller DA, Angert ER (2014) Sporulation in Bacteria: Beyond the
Standard Model. Microbiology Spectrum 2(5)

lovieno P, Baath E (2008) Effect of drying and rewetting on bacterial growth rates in
soil. FEMS Microbiology Ecology 65(3):400-407

ISO-17155:2012 (2012) Soil quality — Determination of abundance and activity of
soil microflora using respiration curves.

Jang S-W, Yoou M-H, Hong W-J, Kim Y-J, Lee E-J, Jung K-H (2020) Re-Analysis of
16S Amplicon Sequencing Data Reveals Soil Microbial Population Shifts in
Rice Fields under Drought Condition. Rice 13(1):44

Jaramillo DF, Dekker LW, Ritsema CJ, Hendrickx JMH (2000) Occurrence of soil
water repellency in arid and humid climates. Journal of Hydrology 231-
232:105-111

Jarlier V, Nikaido H (1990) Permeability barrier to hydrophilic solutes in
Mycobacterium chelonei. Journal of Bacteriology 172(3):1418

Jenkinson DS, Ladd JN (1981) Microbial biomass in soil: measurement and
turnoverMicrobial biomass in soil: measurement and turnover. In: Paul EA,
Ladd JN (eds) Soil biochemistry. Books in Soils and the Environment, vol 5.
Marcel Dekker, Inc., New Year, p 415-471

Jiang Y, Li WJ, Xu P, Tang SK, Xu LH (2006) Study on diversity of actinomycetes
under salt and alkaline environments. Wei Sheng Wu Xue Bao 46(2):191-5

Jones SE, Lennon JT (2010) Dormancy contributes to the maintenance of microbial
diversity. Proceedings of the National Academy of Sciences 107(13):5881-
5886

Kabanova N, Stulova I, Vilu R (2012) Microcalorimetric study of the growth of
bacterial colonies of Lactococcus lactis IL1403 in agar gels. Food
Microbiology 29(1):67-79

Kaiser M, Kleber M, Berhe AA (2015) How air-drying and rewetting modify soil
organic matter characteristics: An assessment to improve data interpretation
and inference. Soil Biology and Biochemistry 80:324-340

89



REFERENCES

Kakumanu ML, Williams MA (2014) Osmolyte dynamics and microbial communities
vary in response to osmotic more than matric water deficit gradients in two
soils. Soil Biology and Biochemistry 79:14-24

Kalam S, et al. (2020) Recent Understanding of Soil Acidobacteria and Their
Ecological Significance: A Critical Review. Frontiers in Microbiology
11:580024-580024

Kallenbach CM, Frey SD, Grandy AS (2016) Direct evidence for microbial-derived
soil organic matter formation and its ecophysiological controls. Nature
Communications 7(1):13630

Kallenbach CM, Grandy AS, Frey SD, Diefendorf AF (2015) Microbial physiology and
necromass regulate agricultural soil carbon accumulation. Soil Biology and
Biochemistry 91:279-290

Karunarathna AK, Moldrup P, Kawamoto K, Jonge LWd, Komatsu T (2010) Two-
Region Model for Soil Water Repellency as a Function of Matric Potential and
Water Content Vadose Zone Journal 9(3):719-730

Kawamoto K, Moldrup P, Komatsu T, de Jonge LW, Oda M (2007) Water Repellency
of Aggregate Size Fractions of a Volcanic Ash Soil. Soil Science Society of
America Journal 71(6):1658-1666

Keweloh H, Heipieper H-J, Rehm H-J (1989) Protection of bacteria against toxicity of
phenol by immobilization in calcium alginate. Applied Microbiology and
Biotechnology 31(4):383-389

Kieft TL, Wilch E, O'Connor K, Ringelberg DB, White DC (1997) Survival and
phospholipid Fatty Acid profiles of surface and subsurface bacteria in natural
sediment microcosms. Appl Environ Microbiol 63(4):1531-42

Kielak AM, et al. (2017) Characterization of novel Acidobacteria exopolysaccharides
with potential industrial and ecological applications. Scientific Reports
7:41193-41193

Kielak AM, Cipriano MAP, Kuramae EE (2016) Acidobacteria strains from subdivision
1 act as plant growth-promoting bacteria. Archives of microbiology
198(10):987-993

Kieser KJ, Rubin EJ (2014) How sisters grow apart: mycobacterial growth and
division. Nature reviews Microbiology 12(8):550-562

Kindler R, Miltner A, Richnow H-H, Késtner M (2006) Fate of gram-negative bacterial
biomass in soil—mineralization and contribution to SOM. Soil Biology and
Biochemistry 38(9):2860-2870

90



REFERENCES

Kindler R, Miltner A, Thullner M, Richnow H-H, Késtner M (2009) Fate of bacterial
biomass derived fatty acids in soil and their contribution to soil organic matter.
Organic Geochemistry 40(1):29-37

Knutzen F, Meier IC, Leuschner C (2015) Does reduced precipitation trigger
physiological and morphological drought adaptations in European beech
(Fagus sylvatica L.)? Comparing provenances across a precipitation gradient.
Tree Physiology 35(9):949-963

Kbgel-Knabner | (2002) The macromolecular organic composition of plant and
microbial residues as inputs to soil organic matter. Soil Biology and
Biochemistry 34(2):139-162

Kroppenstedt RM (1985) Fatty acid and menaquinone analysis of actinomycetes and
related organisms. Saociety of Applied Bacteriology Technical series:173-199

Kucho K-i, et al. (2019) Frankia communities at revegetating sites in Mt. Ontake,
Japan. Antonie van Leeuwenhoek 112(1):91-99

Kundel D, et al. (2020) Effects of simulated drought on biological soil quality,microbial
diversity and yields under long-termconventional and organic agriculture

Microbial Ecology 96(12)

Kurapova Al, et al. (2012) Thermotolerant and thermophilic actinomycetes from soils
of Mongolia desert steppe zone. Microbiology 81(1):98-108

Lal R (2016) Soil health and carbon management. Food and Energy Security
5(4):212-222

Lamparter A, Bachmann J, Woche SK, Goebel M-O (2014) Biogeochemical Interface
Formation: Wettability Affected by Organic Matter Sorption and Microbial
Activity. Vadose Zone Journal 13(7):vzj2013.10.0175

Lechevalier MP (1977) Lipids in bacterial taxonomy - a taxonomist's view. CRC Crit
Rev Microbiol 5(2):109-210

Leelamanie DAL, Karube J (2007) Effects of organic compounds, water content and
clay on the water repellency of a model sandy soil. Soil Science and Plant
Nutrition 53(6):711-719

Leelamanie DAL, Karube J (2014) Water stable aggregates of Japanese Andisol as
affected by hydrophobicity and drying temperature. Journal of Hydrology and
Hydromechanics 62(2):97-100

Lehmann A, et al. (2020) Fungal Traits Important for Soil Aggregation. Frontiers in
Microbiology 10(2904)

91



REFERENCES

Leizeaga A, Hicks LC, Manoharan L, Hawkes CV, Rousk J (2020) Drought legacy
affects microbial community trait distributions related to moisture along a
savannah grassland precipitation gradient. Journal of Ecology 00 (n/a):1- 16

Lennon JT, Aanderud ZT, Lehmkuhl BK, Schoolmaster Jr. DR (2012) Mapping the
niche space of soil microorganisms using taxonomy and traits. Ecology
93(8):1867-1879

Lennon JT, Jones SE (2011) Microbial seed banks: the ecological and evolutionary
implications of dormancy. Nature Reviews Microbiology 9(2):119-130

Lenth RV (2016) Least-Squares Means: The R Package Ismeans. 2016 69(1):33

Liang C, Amelung W, Lehmann J, Kastner M (2019) Quantitative assessment of
microbial necromass contribution to soil organic matter. Global Change
Biology 25(11):3578-3590

Liaw A, Wiener M (2002) Classification and Regression by randomForest. R News
2(3):18-22

Liu J, Barry CE, 3rd, Besra GS, Nikaido H (1996) Mycolic acid structure determines
the fluidity of the mycobacterial cell wall. J Biol Chem 271(47):29545-51

Liu M, Han G, Zhang Q (2019) Effects of Soil Aggregate Stability on Soil Organic
Carbon and Nitrogen under Land Use Change in an Erodible Region in
Southwest China. International Journal of Environmental Research and Public
Health 16(20):3809

Lladé S, Zif¢akova L, Vétrovsky T, Eichlerova |, Baldrian P (2016) Functional
screening of abundant bacteria from acidic forest soil indicates the metabolic
potential of Acidobacteria subdivision 1 for polysaccharide decomposition.
Biology and Fertility of Soils 52(2):251-260

Lépez CS, Heras H, Garda H, Ruzal S, Sanchez-Rivas C, Rivas E (2000)
Biochemical and biophysical studies of Bacillus subtilis envelopes under
hyperosmaotic stress. Int J Food Microbiol 55(1-3):137-42

Loutfi H, et al. (2020) Real-time monitoring of bacterial growth kinetics in
suspensions using laser speckle imaging. Scientific Reports 10(1):408

Lozano E, et al. (2014) Relationships between soil water repellency and microbial
community composition under different plant species in a Mediterranean
semiarid forest. Journal of Hydrology and Hydromechanics 62(2):101-107

Ludwig M, et al. (2015) Microbial contribution to SOM quantity and quality in density
fractions of temperate arable soils. Soil Biology and Biochemistry 81:311-322

92



REFERENCES

Mannistd M, et al. (2018) Bacterial and fungal communities in boreal forest soil are
insensitive to changes in snow cover conditions. FEMS Microbiology Ecology
94(9)

Manzoni S, Schimel JP, Porporato A (2012) Responses of soil microbial communities
to water stress: Results from a meta-analysis. Ecology 93(4):930-938

Mao J, Nierop KGJ, Rietkerk M, Sinninghe Damsté JS, Dekker SC (2016) The
influence of vegetation on soil water repellency-markers and soil
hydrophobicity. Science of The Total Environment 566-567:608-620

Mao J, Nierop KGJ, Sinninghe Damsté JS, Dekker SC (2014) Roots induce stronger
soil water repellency than leaf waxes. Geoderma 232-234:328-340

Marshall BJ, Ohye DF, Christian JH (1971) Tolerance of bacteria to high
concentrations of NaCl and glycerol in the growth medium. Applied
microbiology 21(2):363-364

McAneney KJ, Harris RF, Gardner WR (1982) Bacterial Water Relations Using
Polyethylene Glycol 4000. Soil Science Society of America Journal 46(3):542-
547

McMurdie PJ, Holmes S (2013) phyloseq: An R Package for Reproducible Interactive
Analysis and Graphics of Microbiome Census Data. PLOS ONE 8(4):e61217

Meier IC, et al. (2018) The Deep Root System of Fagus sylvatica on Sandy Soil:
Structure and Variation Across a Precipitation Gradient. Ecosystems
21(2):280-296

Meisner A, Jacquiod S, Snoek BL, ten Hooven FC, van der Putten WH (2018)
Drought Legacy Effects on the Composition of Soil Fungal and Prokaryote
Communities. Frontiers in Microbiology 9(294)

Michel BE, Kaufmann MR (1973) The osmotic potential of polyethylene glycol 6000.
Plant physiology 51(5):914-916

Mika JT, van den Bogaart G, Veenhoff L, Krasnikov V, Poolman B (2010) Molecular
sieving properties of the cytoplasm of Escherichia coli and consequences of
osmotic stress. Mol Microbiol 77(1):200-7

Miller CM, Kim YC, Mittal J (2016) Protein Composition Determines the Effect of
Crowding on the Properties of Disordered Proteins. Biophysical journal
111(1):28-37

Miltner A, Bombach P, Schmidt-Briicken B, Kastner M (2012) SOM genesis:
microbial biomass as a significant source. Biogeochemistry 111(1):41-55

93



REFERENCES

Miltner A, Kindler R, Knicker H, Richnow H-H, Kastner M (2009) Fate of microbial
biomass-derived amino acids in soil and their contribution to soil organic
matter. Organic Geochemistry 40(9):978-985

Miltner A, Kopinke F-D, Kindler R, Selesi D, Hartmann A, Késtner M (2005) Non-
phototrophic COZ2fixation by soil microorganisms. Plant and Soil 269(1):193-
203

Murinova S, Dercova K (2014) Response mechanisms of bacterial degraders to
environmental contaminants on the level of cell walls and cytoplasmic
membrane. International journal of microbiology 2014:873081-873081

Mutnuri S, Vasudevan N, Kastner M, Heipieper HJ (2005) Changes in fatty acid
composition of Chromohalobacter israelensis with varying salt concentrations.
Curr Microbiol 50(3):151-4

Nacke H, et al. (2011) Pyrosequencing-Based Assessment of Bacterial Community
Structure Along Different Management Types in German Forest and
Grassland Soils. PLOS ONE 6(2):e17000

Navarrete AA, et al. (2015) Differential Response of Acidobacteria Subgroups to
Forest-to-Pasture Conversion and Their Biogeographic Patterns in the
Western Brazilian Amazon. Frontiers in Microbiology 6(1443)

Neu TR, Poralla K (1988) An amphiphilic polysaccharide from an adhesive
Rhodococcus strain. FEMS Microbiology Letters 49(3):389-392

Or D, Phutane S, Dechesne A (2007) Extracellular Polymeric Substances Affecting
Pore-Scale Hydrologic Conditions for Bacterial Activity in Unsaturated Soils.
Vadose Zone Journal 6(2):298-305

Oren A (1999) Bioenergetic aspects of halophilism. Microbiol Mol Biol Rev 63(2):334-
48

Ouyang Y, Li X (2020) Effect of repeated drying-rewetting cycles on soil extracellular
enzyme activities and microbial community composition in arid and semi-arid
ecosystems. European Journal of Soil Biology 98:103187

Papendick RI, Campbell GS (1981) Theory and Measurement of Water Potential
Water Potential Relations in Soil Microbiology. p 1-22

Park E-J, Sul WJ, Smucker AJM (2007) Glucose additions to aggregates subjected
to drying/wetting cycles promote carbon sequestration and aggregate
stability. Soil Biology and Biochemistry 39(11):2758-2768

Plaza C, Courtier-Murias D, Ferndndez JM, Polo A, Simpson AJ (2013) Physical,
chemical, and biochemical mechanisms of soil organic matter stabilization

94



REFERENCES

under conservation tillage systems: A central role for microbes and microbial
by-products in C sequestration. Soil Biology and Biochemistry 57:124-134

Polonenko DR, Mayfield Cl, Dumbroff EB (1986) Microbial responses to salt-induced
osmotic stress. Plant and Soil 92(3):417-425

Potts M (1994) Dessication tolerance of prokaryotes. Microbiological Reviews
58(4):755-805

Praveen Kumar G, Mir Hassan Ahmed SK, Desai S, Leo Daniel Amalraj E, Rasul A
(2014) In Vitro Screening for Abiotic Stress Tolerance in Potent Biocontrol
and Plant Growth Promoting Strains of Pseudomonas and Bacillusspp.
International Journal of Bacteriology 2014:195946

Ramirez KS, Lauber CL, Knight R, Bradford MA, Fierer N (2010) Consistent effects
of nitrogen fertilization on soil bacterial communities in contrasting systems.
Ecology 91(12):3463-3470

Ramos JL, Gallegos MT, Marqués S, Ramos-Gonzalez MI, Espinosa-Urgel M,
Segura A (2001) Responses of Gram-negative bacteria to certain
environmental stressors. Curr Opin Microbiol 4(2):166-71

Rath KM, Rousk J (2015) Salt effects on the soil microbial decomposer community
and their role in organic carbon cycling: A review. Soil Biology and
Biochemistry 81:108-123

Redmile-Gordon M, Gregory AS, White RP, Watts CW (2020) Soil organic carbon,
extracellular polymeric substances (EPS), and soil structural stability as
affected by previous and current land-use. Geoderma 363:114143

Rillig MC, Mummey DL (2006) Mycorrhizas and soil structure. New Phytologist
171(1):41-53

Roberson EB, Firestone MK (1992) RELATIONSHIP BETWEEN DESICCATION
AND EXOPOLYSACCHARIDE PRODUCTION IN A SOIL PSEUDOMONAS
SP. Applied and Environmental Microbiology 58(4):1284-1291

Rojas E, Theriot JA, Huang KC (2014) Response of &lIt;em&gt;Escherichia
coli&lt;/fem&gt; growth rate to osmotic shock. Proceedings of the National
Academy of Sciences 111(21):7807

Roper MM (2004) The isolation and characterisation of bacteria with the potential to
degrade waxes that cause water repellency in sandy soils. Soil Research
42(4):427-434

Roper MM (2006) Potential for remediation of water repellent soils by inoculation with
wax-degrading bacteria in south-western Australia. Biologia 61(19):S358-
S362

95



REFERENCES

Rosado PM, et al. (2019) Marine probiotics: increasing coral resistance to bleaching
through microbiome manipulation. The ISME Journal 13(4):921-936

Saini G, Nasholm N, Wood BD (2011) Implications of Growth and Starvation
Conditions in Bacterial Adhesion and Transport. Journal of Adhesion Science
and Technology 25(17):2281-2297

Samaniego L, et al. (2018) Anthropogenic warming exacerbates European soll
moisture droughts. Nature Climate Change 8(5):421-426

Sanchez-Clemente R, Guijo MI, Nogales J, Blasco R (2020) Carbon Source
Influence on Extracellular pH Changes along Bacterial Cell-Growth. Genes
11(11):1292

Sayed WF (2011) Improving Casuarina growth and symbiosis with Frankia under
different soil and environmental conditions—review. Folia Microbiologica
56(1):1-9

Schimel J, Schaeffer S (2012) Microbial control over carbon cycling in soil. Frontiers
in Microbiology 3(348)

Schimel JP, Wetterstedt JAM, Holden PA, Trumbore SE (2011) Drying/rewetting
cycles mobilize old C from deep soils from a California annual grassland. Soll
Biology and Biochemistry 43(5):1101-1103

Schurig C, et al. (2013) Microbial cell-envelope fragments and the formation of soil
organic matter: a case study from a glacier forefield. Biogeochemistry
113(1):595-612

Sengupta A, Dick WA (2015) Bacterial Community Diversity in Soil Under two Tillage
Practices as Determined by Pyrosequencing. Microbial Ecology 70(3):853-
859

Singh BK, Bardgett RD, Smith P, Reay DS (2010) Microorganisms and climate
change: terrestrial feedbacks and mitigation options. Nature Reviews
Microbiology 8(11):779-790

Skandamis PN, Jeanson S (2015) Colonial vs. planktonic type of growth:
mathematical modeling of microbial dynamics on surfaces and in liquid, semi-
liquid and solid foods. Frontiers in Microbiology 6(1178)

Srivastava A, Singh SS, Mishra AK (2013) Sodium transport and mechanism(s) of
sodium tolerance in Frankia strains. Journal of Basic Microbiology 53(2):163-
174

Stark JM, Firestone MK (1995) Mechanisms for soil moisture effects on activity of
nitrifying bacteria. Applied and Environmental Microbiology 61(1):218

96



REFERENCES

Steen AD, et al. (2019) High proportions of bacteria and archaea across most biomes
remain uncultured. The ISME Journal 13(12):3126-3130

Steuter AA, Mozafar A, Goodin JR (1981) Water Potential of Aqueous Polyethylene
Glycol. Plant physiology 67(1):64

Stotzky G (1985) Mechanisms of Adhesion to Clays, with Reference to Soil Systems.
In: Fletche DCSaM (ed) Bacterial Adhesion: Mechanisms and Physiological
Significance Springer, Boston, MA., p 195-253

Stratton HM, Brooks PR, Griffiths PC, Seviour RJ (2002) Cell surface hydrophobicity
and mycolic acid composition of Rhodococcus strains isolated from activated
sludge foam. J Ind Microbiol Biotechnol 28(5):264-7

Surda P, Lichner L', Kollar J, Nagy V (2020) Differences in moisture pattern,
hydrophysical and water repellency parameters of sandy soil under native
and synanthropic vegetation. Biologia 75(6):819-825

Thanky NR, Young DB, Robertson BD (2007) Unusual features of the cell cycle in
mycobacteria: Polar-restricted growth and the snapping-model of cell division.
Tuberculosis 87(3):231-236

Thiel V, Peckmann J, Richnow HH, Luth U, Reitner J, Michaelis W (2001) Molecular
signals for anaerobic methane oxidation in Black Sea seep carbonates and a
microbial mat. Marine Chemistry 73(2):97-112

Thompson J, Johansen R, Dunbar J, Munsky B (2019) Machine learning to predict
microbial community functions: An analysis of dissolved organic carbon from
litter decomposition. bioRxiv:599704

Totsche KU, et al. (2018) Microaggregates in soils. Journal of Plant Nutrition and Soil
Science 181(1):104-136

Treves DS, Xia B, Zhou J, Tiedje JM (2003) A Two-Species Test of the Hypothesis
That Spatial Isolation Influences Microbial Diversity in Soil. Microbial Ecology
45(1):20-28

Tronnolone H, et al. (2018) Diffusion-Limited Growth of Microbial Colonies. Scientific
Reports 8(1):5992

Uhlifova E, Elhottova D, Tfiska J, Santrtiékova H (2005) Physiology and microbial
community structure in soil at extreme water content. Folia Microbiologica
50(2):161

Unell M, Kabelitz N, Jansson JK, Heipieper HJ (2007) Adaptation of the psychrotroph
Arthrobacter chlorophenolicus A6 to growth temperature and the presence of
phenols by changes in the anteiso/iso ratio of branched fatty acids. FEMS
Microbiol Lett 266(2):138-43

97



REFERENCES

van Loosdrecht MC, Lyklema J, Norde W, Schraa G, Zehnder AJ (1987a)
Electrophoretic mobility and hydrophobicity as a measured to predict the
initial steps of bacterial adhesion. Applied and Environmental Microbiology
53(8):1898

van Loosdrecht MC, Lyklema J, Norde W, Schraa G, Zehnder AJ (1987b) The role of
bacterial cell wall hydrophobicity in adhesion. Applied and Environmental
Microbiology 53(8):1893-1897

Vasileiadis S, Puglisi E, Arena M, Cappa F, Cocconcelli PS, Trevisan M (2012) Soil
Bacterial Diversity Screening Using Single 16S rRNA Gene V Regions
Coupled with Multi-Million Read Generating Sequencing Technologies. PLOS
ONE 7(8):e42671

Veach AM, Zeglin LH (2020) Historical Drought Affects Microbial Population
Dynamics and Activity During Soil Drying and Re-Wet. Microbial Ecology
79(3):662-674

Vogelmann ES, et al. (2013) Threshold water content beyond which hydrophobic
soils become hydrophilic: The role of soil texture and organic matter content.
Geoderma 209-210:177-187

Wagg C, Bender SF, Widmer F, van der Heijden MGA (2014) Soil biodiversity and
soil community composition determine ecosystem multifunctionality.
Proceedings of the National Academy of Sciences 111(14):5266

Wang H, et al. (2020a) Differentiating microbial taxonomic and functional responses
to physical disturbance in bulk and rhizosphere soils. Land Degradation &
Development 31(18):2858-2871

Wang Y, et al. (2020b) Persistence of soil microbial function at the rock-soil interface
in degraded karst topsoils. Land Degradation & Development 31(2):251-265

Wei H, et al. (2018) Contrasting Soil Bacterial Community, Diversity, and Function in
Two Forests in China. Frontiers in Microbiology 9:1693-1693

Werb M, et al. (2017) Surface topology affects wetting behavior of Bacillus subtilis
biofilms. npj Biofilms and Microbiomes 3(1):11

Westcott SL, Schloss PD (2015) De novo clustering methods outperform reference-
based methods for assigning 16S rRNA gene sequences to operational
taxonomic units. PeerJ 3:e1487

Wheeler MJ, Russi S, Bowler MG, Bowler MW (2012) Measurement of the
equilibrium relative humidity for common precipitant concentrations:
facilitating controlled dehydration experiments. Acta Crystallogr Sect F Struct
Biol Cryst Commun 68(Pt 1):111-4

98



REFERENCES

White NA, Hallett PD, Feeney D, Palfreyman JW, Ritz K (2000) Changes to water
repellence of soil caused by the growth of white-rot fungi: studies using a
novel microcosm system. FEMS Microbiology Letters 184(1):73-77

Wick LY, Wattiau P, Harms H (2002) Influence of the growth substrate on the mycolic
acid profiles of mycobacteria. Environ Microbiol 4(10):612-6

Wijewardana NS, et al. (2016) Soil-water repellency characteristic curves for soil
profiles with organic carbon gradients. Geoderma 264:150-159

Wilkinson S, Ratledge C (1988) Microbial lipids. Academic Press

Williams MA (2007) Response of microbial communities to water stress in irrigated
and drought-prone tallgrass prairie soils. Soil Biology and Biochemistry
39(11):2750-2757

Woche SK, et al. (2017) Soil wettability can be explained by the chemical
composition of particle interfaces - An XPS study. Scientific Reports
7(1):42877

Worrich A, et al. (2016) Bacterial Dispersal Promotes Biodegradation in
Heterogeneous Systems Exposed to Osmotic Stress. Frontiers in
Microbiology 7(1214)

Yemadije PL, Chevallier T, Guibert H, Bertrand |, Bernoux M (2017) Wetting-drying
cycles do not increase organic carbon and nitrogen mineralization in soils with
straw amendment. Geoderma 304:68-75

Zelles L (1997) Phospholipid fatty acid profiles in selected members of soil microbial
communities. Chemosphere 35(1-2):275-94

Zhang MM, Fan SH, Guan FY, Yan XR, Yin ZX (2020) Soil bacterial community
structure of mixed bamboo and broad-leaved forest based on tree crown
width ratio. Sci Rep 10(1):6522

Zhao B, Chen J, Zhang J, Qin S (2010) Soil microbial biomass and activity response
to repeated drying—rewetting cycles along a soil fertility gradient modified by
long-term fertilization management practices. Geoderma 160(2):218-224

Zhou H-X, Rivas G, Minton AP (2008) Macromolecular Crowding and Confinement:
Biochemical, Biophysical, and Potential Physiological Consequences. Annual
Review of Biophysics 37(1):375-397

99



9 ACKNOWLEDGMENTS

First, 1 would like to thank Prof. Dr. Matthias Ké&stner (Helmholz Center for
Environmental Research) and Jorg Bachmann (Leibniz University of Hannover), who
made it possible for me to work on this dissertation. Thank you for the constant
motivation as well as the support. | would like to thank the German Research
Foundation (DFG; “Impact of bacterial biomass on the surface wettability of soil
particles under varying moisture conditions” project), as well as the UFZ and HIGRADE

for funding my doctorate.

| would also like to thank dissertation committee members, for their time and

recommendations on improving my dissertation.

Special thanks go to Anja Miltner for the encouragement, motivation and patience,

professional and moral support throughout my doctorate.

| would also like to thank Lukas Y. Wick and Jana Reichenbach from the Department
of Environmental Microbiology (UFZ) for access to the goniometer. | would like to thank
Marc-Oliver Gobel and Susann K. Woche from Leibniz Universitat Hannover and Dorte
Diehl and Abd Abuguba from University of Koblenz- Landau for their collaboration and

support.

I would like to thank the entire Department of Environmental Biotechnology for the
friendly atmosphere and in particular Kerstin Ethner and Ines Mausezahl for the

support in the laboratory.

Special thanks to Christian Eberlein and Steffen Kimmel for their emotional and

professional support.

Thanks to all my friends Marko, Ola, Camila, Monica, Anna for their support and

encouragement.

| thank my family and my beloved husband, Alexander, for supporting, encouraging
and never letting me quit. Without them | wouldn’t have been able to complete my

degree.

100



10 APPENDIX

Table 7 Incubation length of different bacterial strains in submerged and surface

growth
Growth condition
Microorganism Submersed Surface growth
growth
Bacillus subtilis 6h 30h
Arthrobacter chlorophenolicus 6 h 30 h
Pseudomonas fluorescens 6h 30h
Novosphingobium aromaticivorans 16 h 42 h
Rhodococcus erythropolis 8.5h 30 h
Mycobacterium pallens 22 h 65 h
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Table 8. Abundance of PLFA present in CMAs amended with B. subitilis cells, presented as % of total PLFA

102

Incubtion
time Total PLFA

1s0:
antiiso  i15:0  al5:0  116:0 117:0 al7:0 10mel7:018:206,9 18:1w9

unstressed
B. subtilis

stressed
B. subtilis

Quartz

[days]

0
30
50
80

0
30
50
80

0
30
50
80

647 (£ 27)
185 (+ 10)

226 (£ 28)
88 (+7)

562 (+ 26)
178 (= 18)
202 (+ 14)
267 (£ 15)

143 (+ 6)
39 (+9)
24 (+8)
33 (£ 4)

% of total PLFA

0.5 (£0.0) 4.2 (+0.7) 20.0(:2.3) 5.4 (£ 0.8) 5.3 (= 1.4)12.1 (£3.1)0.2 (£ 0.3) 0.4 (£ 0.5) 0.2 (+0.3)
0.5(£0.1) 0.6 (x0.3) 1.9(£0.7) 0.5(£0.2) 0.6 (£0.1) 1.4(+0.3)0.3 (+0.2)0.3 (£0.2) 0.6 (x0.5)
0.7 (£0.2) 0.3 (£0.0) 1.0 (+0.3) 3.0 (£3.8) 0.5(=0.1) 0.7 (+0.4)0.4 (+ 0.3) 0.6 (£ 0.5) 8.0 (= 1.2)
8.1(£2.7) 0.2(+0.1) 0.5(+0.4) 3.8(x1.4)0.4(x0.2) 0.1 (x0.1) pn.d. 0.4 (£0.0) 0.4(£0.0)

2.8(x£0.1) 6.7 (£0.1) 4.7 (£0.0) 6.6 (+0.6) n.d. nd.  1.3(£0.1)3.4(x0.1)19.0 (£5.3)
3.6(£2.4) 04 (£0.1) 1.7(£0.5) 0.5(+0.1) 7.2 (+4.0) 0.6 (+0.1)0.3 (£ 0.0)0.6 (+0.1) 0.7 (+0.0)
0.5(+:0.1)0.2(£0.1) 0.8 (£0.4) 0.2(+£0.1) 0.3(x0.1) 0.8(x0.2) n.d. 0.7 (£0.5) 0.5(=0.1)
10.3 (£2.0) 0.3 (£0.1) 0.7 (+0.3) 0.3 (£0.1)13.8 (+2.3) 0.4 (£0.1)0.4 (x0.1)0.8 (£ 0.4) 1.2 (+1.2)

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.4(£0.2)
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.



APPENDIX

Table 9 Abundance of PLFA present in CMAs amended with P. fluorescens cells, presented as % of total PLFA

In‘i‘i*ntflgon Total PLFA 16:107t 16:1e07¢ 16:0 17:0cyclo 18:107t 18:1m7c 18:0 19:0cyclo
[days] ™Mol PLFA % of total PLFA
g soil

essed 0 262(£38) 5(x2)  3(k1) 43(34) 9@E1) 1(*0) 19¢1) 18(=0) 1(*0)
PI}?S ‘fsse 30 45 & 12) n.d. nd  24(+8) S5(1) 2(*2) 8E1) 55(11) 5@&1)
Jutorescens g, 52 (+17) n.d. nd.  34@E4) 51 51 82 43(£3) 41
ossed 0 59(£59)  S@S)  2@2) 4@E4) 2E2) 0(0) 44 3@E3) 027
» stresse 30 36 (+ 36) nd. nd.  27&27) 2(1) 2(2) 8(*8) 3(26) 6(E7)
Sfluorescens 11E1) 1D nd.  S@ES) 1ED 1@&1) 3@3) 5ES) 1E1)

0 53 (+9) nd. nd.  49(+6) nd nd. nd  49E6) nd

Quartz 30 321 n.d. n.d. 19(+6) nd. n.d. nd. 78(6) nd.

50 148 (+ 9) nd. nd.  39+2) nd 3 @&0) 2(0) 56(+1) nd

103



APPENDIX

Table 10 Relative abundance of PLFA groups present in LUE soil, presented at % of total PLFA

Incubation Total Terminally Methyl Mono Cyclopro. Poly Poly: Cyclo: Mono:

time PLFA branched  brenched unsat. fatty unsat. monot o cursor  sat

fatty acids  fatty acids fatty acids acids fatty acids branched sa
[days] Mol PLFA % of total PLFA
g-1 soil

0 306 (£ 7) 14 (£ 1) M@E1 34 (£ 0) 4(x£2) 1(x0) 0.02 0.3 1

wet 29 215(x46), 10(x1) M1 40 (X 0)r 16 (£ 1) 2(x0) 0.02 0.9 1.5
88 226 (£ 41) 13 (1) 8(x5) 42 (£ 1) 21 (x 2)7 6 (x0)1 0.087 3.67 2.87

0 469 (£ 35) 14 (x 0) 10(x 0) 35(x0) 20(z0) 2(x0) 0.03 1.3 2.3
dry 29 255(x31)1 11 (x0) 1 (x0) 37(x0) 19 (x0) 2(x0) 0.03 1.2 1.6
88 266 (£ 12) 12 (£ 1) 7(x1)! 34(x0) 9(x1) 28 (1)1 0.44 57 2.4

0 306 (£7) 14 (£ 1) M(x1) 34 (£ 0) 4(x2) 1(x0) 0.02 0.3 1
intermit. 29 226 (1) 12 (£ 3) 13(x5) 361 16 (£ 1) 21 0.03 1.1 2
88 299 (+ 58) 14 (£ 1) 9(x1) 31(x2) 18 (+ 2)7 2(x0) 0.03 1.41 1.3
0 225 (£ 17) 11 (1) 8(x1) 30(x0) 16 (£ 1) 13 1) 0.2 2 1.7
wet 29 210 (x 101) 7(x1) 9(x1) 37(x0) 8(x1)] 18 (1) 0.29 0.9 1.4

88 260 (£ 40) 12 (x 0) 14 (£ 0)7 29(x0) 10 (x 0) 9 (x0)l 0.141 1.2 1
0 277 (£ 40) 12 (£ 0) 9(x0) 30 (£ 0) 14 (1) 14 (1) 0.21 1.8 1.7
dry 29 37 (£ 2) 4(£0) 7(x0) 45(x 0) 9 (x0)l 19(x0) 0.29 1.3 0.7
88 372 (£ 5)7 12 (1) 7(x1) 34 (£ 0) 9(x1) 28 (x 1)1 0.441 5 2.4
0 225 (£ 17) 11 (1) 8(x1) 30(x0) 16 (£ 1) 13(1) 0.2 2 1.7
intermit. 29 350 (£ 26) 7(x0) 9(x1) (i 0) 7(x0) 14 (= 1) 0.22 0.9 2.1
88 283 (£ 9) 12 (£ 0) 14 (£ )T 9(x0) 11 (x0) 9(x0), 0.14 1.3 1.2
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Table 11 Relative abundance of PLFA groups present in CAL soil, presented at % of total PLFA

Incubation Total Terminally Methyl Mono Cyclopro. Poly Poly: Cyclo: Mono:
Time PLFA branched brenched unsat. fatty unsat. mono+ precursor ¢ '
fatty acids fatty acids fatty acids acids  fatty acids  branched sa
nmol
[days] 4 soil % of total PLFA

0 572(x58) 9(x1) 17 (+ 1) 14 (+0) 15(x2) 2 (+0) 0.05(x0.0) 543(x0.16) 061 (x0.01)

wet 29 314(x37)] 14(x1)  18(x0) 17 (£0)7 18 (£ 0) 2 (£ 0) 0.05(£0.0) 596(+0.15) 0.61(+0.01)
88 368(x5) 16(x1) 13 (£ 5) 25(x1)r 17 (x2) 1(x0) 0.02 (£0.0), 9.01(£0.55)7 0.74 (+0.03)t

0 510(37) 8(x1) 20 (x 0) 16 (£0) 16(£0) 2 (£ 0) 0.04 (£0.0) 576(x0.15) (.62 (+0.01)

dry 29 513(x35) 15(x0)1 20 (x0) 17 ( 0) 16 (x 0) 3(x0) 0.05(x0.0) 576(x0.15) 068 (+0.01)
88 410(x11), 17(x0) 16 (x0)] 14 (x0), 18(£0) 2 (£ 0) 0.03 (£0.0) 8.84 (+0.28)! 0.48 (+0.01)]

0 572(x58) 9(x1) 17 (£ 1) 14(x0) 15(+2) 2(x0) 0.05(x0.0) 543(x0.16) 0.6 (+0.01)

intermit. 29 283 (x40)] 11(x0) 15 (x 1) 18 (£0)r 13(£0) 3(£1) 0.06 (£0.03) 3.65(£0.18) (.57 (+0.03)
88 256(£43) 17(x1)1  15(x1) 16(x2) 17(£2) 2(+0) 0.04(£00) 7.33(+1.03) 0.54(x0.02)

substrate amended

0 463(x58) 7(x1) 1 (+ 1) 18(x0) 14(t1) 13(x1) 031(x0.02) 568(+0.18) 0.66 (+0.02)

wet 29 449 (x51) M@E1N)T  14(x2) 19 (1) 15(x1) 14 (x1) 031(x0.03) 6.17(+062) (.77 (+0.05)

88 352(+36) 13(x0) 17 (£ 0) 20(x0) 7(x0)] 12(x0) 0.24(£0.0)] 442(+0.13) 0.69(£0.0)

0 509 (+36) 8 (£ 0) 17 (£ 0) 16 (£ 0) 14 (£ 1) 6(x1) 0.13(£0.01) 554 (x0.12) 0.61 (+0.01)
dry 29 832(x79) 6(x0) 7(x0) 26 (+0)r 6(x0)) 28 (£ 0)7 0.71(x0.08)1 4.02(x0.21) 0.84 (+0.02)7
88 574 (+57) 10(x1)r 12(x1) 21(x0), 8@&1) 19 (1), 0.44(20.03)] 517 (£0.25) 0.65(0.07)]

0 463(x37) 7(x1) 11 (£ 0) 18(x0) 14(£0) 13(x0) 031(x002) 568(x0.18) 0.66(+0.02)

intermit. 29 488 (x40) 7(x0)  10(x1)  22(xqy 6(@0)  26(x1)r 0.65(x0.03)r 3.63(+0.18), 0.76 (+0.03)
88 435(x67) M@E0)1 17(1) 200 7(E0) 13(x0)) 027(*0.0)l 444(x0.33) 065 (+0.02)
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