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Summary

Soil is a precious but endangered resource. One of the greatest threats to it is accelerated erosion,
which leads to huge losses of land every year. However, erosion can be decelerated by the presence of
stable soil aggregates, the formation of which can be induced by bacteria. Specifically, some of these
microorganisms have the ability to synthesize exopolysaccharides (EPSs) and lipopolysaccharides (LPSs)
that “glue” soil particles together. Unfortunately, our knowledge on aggregate stabilization by these
compounds is based mainly on studies of isolated strains. Therefore, little is known about the
communities of bacterial polysaccharide producers and factors influencing their structure and ability to
aggregate soil. The current thesis addresses this research gap by applying metagenomics to investigate
potential producers of EPSs and LPSs in agro- and initial ecosystems as environments where soil is
particularly prone to erosion. The identification of organisms with the potential to produce adhesive
polysaccharides was based on a metagenomics approach where we combined hidden Markov model
searches with blasts against sequences derived from the Kyoto Encyclopedia of Genes and Genomes
database, which allowed us to target genes specific for either the assembly and export or the
extracellular synthesis of EPSs and LPSs. We analyzed not only the relative abundance of these genes
and organisms harboring them but also their absolute abundance estimated based on microbial biomass
values. Finally, we complemented the metagenomic data with measurements of different parameters

including aggregate stability and 3D structure of soil.

Our analysis showed that the bacterial potential to aggregate soil via the synthesis of adhesive
polysaccharides depends mainly on the absolute abundance of the genes involved in the production of
EPSs and LPSs and the taxonomic profile of the communities of bacteria harboring these genes. Both of
these potential determinants of aggregate stability are highly variable and can be affected by
environmental factors such as pH, nutrient availability and soil texture. We found amongst potential
polysaccharide producers affected by these factors major phototrophic groups including Cyanobacteria
and Chloroflexi, essential nitrifiers such as Nitrospiraceae, plant-associated microbes like
Bradyrhizobiaceae, and other members of Proteobacteria as well as Acidobacteria, Actinobacteria and
other common soil groups. In the investigated agroecosystems, we identified tillage as an important
factor that can affect the absolute abundance and taxonomic affiliation of the genes related to EPS and
LPS biosynthesis, but its effects are modulated by site-specific conditions like soil texture. Members of
Actinobacteria were the only bacteria that were negatively affected by tillage at all of the investigated
sites. Our findings indicate that the relative abundance of the EPS and LPS genes could influence soil
aggregation as well, but its high stability in sample types such as agricultural soils and biocrusts from

initial ecosystems even under differing environmental conditions and anthropogenic treatments makes



this parameter less likely to be important for shaping soil aggregation in these habitats compared with
the more variable absolute abundance and taxonomic affiliation of the EPS and LPS genes. However, the
fact that bacterial communities of agricultural soils and biocrusts in initial ecosystems maintain stable
proportions of the genes involved in EPS and LPS synthesis despite different taxonomic composition
shows that the ability to produce these compounds is an important trait for bacteria living in these

environments.



Zusammenfassung

Boden ist eine wichtige Ressource, die besonders durch fortschreitende Bodenerosion gefahrdet wird.
Dadurch gehen jedes Jahr groRe Mengen an fruchtbarem Boden verloren. Stabile Bodenaggregate
konnen dieser Entwicklung entgegenwirken. Die Bildung solcher stabilen Aggregate wird unter anderem
durch Bakterien begilinstigt, die durch die Produktion von Exopolysacchariden (EPSs) und
Lipopolysacchariden (LPSs) die Bodenpartikel zusammenhalten. Bisher wurde das bakterielle Potential
zur Produktion von LPS und EPS hauptsachlich an isolierten Stimmen untersucht, wahrend wenig
dartiber bekannt ist wie sich die Zusammensetzung der EPS/LPS produzierenden, bakteriellen
Gemeinschaft unter Feldbedingungen verdndert und wie sich dies auf die Bodenaggregierung auswirkt.
Die aktuelle Arbeit adressiert diese Forschungsliicke, indem EPSs und LPSs produzierende, bakterielle
Gemeinschaften in Agrardokosystemen und initialen Okosystemen, insbesondere biologischen
Bodenkrusten, untersucht wurden. Beide sind dafiir bekannt besonders anfallig fiir Erosion zu sein. Um
die relevanten Bakterien und Prozesse zu identifizieren haben wir einen Metagenomansatz gewahlt.
Dazu haben wir zwei bioinformatische Ansdtze kombiniert, namlich die Suche nach Hidden Markov
Modellen mit einem Abgleich basierend auf Sequenzen der Datenbank ,Kyoto Encyclopedia of Genes
and Genomes”. Der Fokus der Analysen lag auf Genen, die fiir Proteine kodieren, die an der
Assemblierung von EPS/LPS Molekilen beteiligt sind, dem darauffolgenden Export in die Umwelt oder
der extrazellularen Synthese. Um auch eine Abschatzung der absoluten Abundanz der beteiligten
Bakterien zu realisieren, wurden die erhaltenen relativen Abundanzen aus den Metagenomanalysen mit
Daten uber die mikrobielle Biomasse in den Proben kombiniert. Auferdem wurden die
Metagenomdaten mit Messungen der Aggregatstabilitit und der 3D Porenstruktur des Bodens

kombiniert.

Die Ergebnisse zeigen, dass das bakterielle Potenzial zur Synthese von adhdsiven Polysacchariden
hauptsachlich durch die absolute Abundanz der Gene bestimmt wird, und der taxonomischen
Zusammensetzung der Bakteriengemeinschaften, die an der Produktion von EPSs und LPSs beteiligt sind.
Die Abundanz und Diversitat der EPS und LPS Produzenten bestimmt die Aggregatstabilitdt im Boden.
Beide Faktoren werden maRgeblich durch Umweltfaktoren wie pH-Wert, Nahrstoffverfligbarkeit und
Bodentextur beeinflusst. Zu den bakteriellen EPS/LPS Produzenten, die sich am stirksten in den
verschiedenen Umweltproben unterschieden, zahlen phototrophe Bakterien, wie Cyanobacteria und
Chloroflexi, Nitrifizierer wie Nitrospiraceae, pflanzenassoziierte Bakterien wie Bradyrhizobiaceae,
weitere Proteobacteria, Acidobacteria, und Actinobacteria und weitere typische Bodenbakterien. In den
untersuchten Agrarsystemen, haben wir die Bodenbearbeitung als wichtigen Faktor identifiziert, der

sowohl die Haufigkeit als auch die taxonomische Zuordnung der verschiedenen LPS/EPS Produzenten



beeinflusst. Dabei spielte insbesondere die Intensitdat der Bodenbearbeitung eine wichtige Rolle, aber
auch die Standort-spezifischen Randbedingungen wie die Bodentextur. Nur die absolute Abundanz der
Actinobacteria wurde an allen Standorten negativ durch die Bodenbearbeitung beeinflusst. Obwohl die
absoluten Abundanzen der EPS/LPS produzierenden Bakterien in den verschiedenen bewirtschafteten
Agrarsystemen und den initialen Okosystemen variieren, war der relative Anteil an der
Gesamtgemeinschaft in allen Versuchen vergleichbar. Lediglich die taxonomische Zuordnung der
verschiedenen Gene, die an der EPS/LPS Produktion beteiligt sind variieren stark mit dem Habitat und
den Umweltbedingungen. Dies macht deutlich, dass die Synthese von EPS/LPS eine wichtige Funktion in

der bakteriellen Gemeinschaft einnimmt.
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1 Introduction

1.1  Soil — a precious but endangered resource

Soil is one of our most precious resources. It directly or indirectly provides us with food, clothing, shelter
and medications, which are basic necessities. Without soil, there would be no human life. However, soil
supports not only our species but is one of the largest reservoirs of our planet’s biodiversity. In fact, it
hosts around one quarter of all living species on Earth (Bach and Wall, 2018). In just a few grams of soil,
there are more individual organisms than there are people on our planet. The most abundant amongst
soil biota are microbes, which play pivotal roles for ecosystem functioning, such as driving nutrient and
organic matter cycling (Falkowski et al., 2008; Wagg et al., 2014). Terrestrial ecosystems host also the
biggest portion of primary producers. Specifically, the biomass of producers on land is 450 times larger
than in the oceans (Bar-On et al., 2018). Therefore, the health of our planet’s environment and all its

inhabitants strongly depends on the status of world soils.

However, the demands of the growing human population are putting soil sustainability at risk. Recent
evidence shows that already one third of global soils are moderately to highly degraded (FAO, 2011; FAO
and ITPS, 2015). Soil degradation means a long-term reduction in the capacity of the soil to meet social
and ecological needs (Lal, 2001). Especially threatened by soil erosion is crop production, as due to the
increase in population and the decline in soil quality, the area of arable land available per person already
decreased by more than half during the last 60 years and is still shrinking (Flachowsky et al., 2017).
Consequently, even unsuitable land is being brought under agriculture, which then leads to increased
production costs. The economic losses caused by soil degradation are currently estimated at 7.25 billion
euros of global gross domestic product per year (Sartori et al., 2019). Furthermore, there is little new
land that could be turned into farmlands, and soil formation takes hundreds or even thousands of years
(Kalev and Toor, 2018). Overall, soil is a very precious and hardly renewable resource that is being used
up at a dangerous rate and, therefore, requires more attention and efforts aimed at its protection and

restoration.

The primary cause of soil degradation is accelerated erosion (FAO and ITPS, 2015). Soil erosion itself is
the removal of soil materials from their original location (Arriaga et al., 2017). This can be induced for
example by water on steep slopes or wind in open areas with scarce vegetation (Montanarella, 2016).
When soil erosion results from natural processes, it is referred to as geological erosion (Arriaga et al.,
2017). Geological erosion is a very slow process, which can be hardly observed during a single human
lifetime. The examples of its long-term effects are canyons, stream channels and valleys (Gilley, 2005).
However, soil erosion can be greatly accelerated by human activities, especially poor agricultural

practices (Finch et al., 2014). Accelerated erosion occurs at an alarming speed, leading to huge soil
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losses. Montgomery (2007) estimated that the erosion rates from conventionally ploughed agricultural
fields are 1-2 orders of magnitude higher than the rates of soil formation and geological erosion.
According to FAO (FAO, 2019), this could cause the loss of up to 3.9 mm of soil per year. Moreover, the
erosion rates seem to be increasing every year due to the intensification of agricultural production. In
fact, Borrelli et al. (2017) estimated that the global erosion rates increased between 2001 and 2012 by
2.5 %. This was mainly due to deforestation and cropland expansion in the least developed countries of
Africa, South America and Southeast Asia, even though the ongoing adaptation of conservation
agriculture decreased the erosion primarily in the United States and many European countries. Yet soils
have different susceptibility to erosion depending on their parameters (Finch et al., 2014). The most

important soil parameters influencing erodibility are presented in Figure 1.

7N

Soil structure Soil texture

¢ Aggregate size e Aggregate stability e Particle stickiness e Particle size

Sand particle
0.05-2mm
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@.— Clay particle
. P4 <0.002mm
-

Figure 1. Soil parameters and their most important aspects influencing erodibility. The dependencies

Erodibility

Macroaggregate
> 250 pm

Microaggregate
<250 pm

between those parameters and erodibility are marked with directional arrows.

1.2  Soil properties influencing erodibility

1.2.1 Soil structure
The major soil parameter that influences the erodibility of a soil is structure (Figure 1). Soil structure
refers to the spatial arrangement of individual soil particles. Some soils may have a single-grained

structure without any aggregation. One example of that are sand dunes. However, most soils exhibit
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a structure in which particles form larger aggregates. Pores and spaces between aggregates and
individual particles form a network that affects the flow of water and air through the soil profile, the
growth of plant roots and biological activity (Weil and Brady, 2017). Soils with a lot of pores and fissures
are said to have a good structure, whereas soils with a poor pore network are compacted and more
prone to erosion (Finch et al.,, 2014). Soil structure is greatly determined by the shape and size of
aggregates. Shapes include granular, platy, blocky and columnar forms. Blocky and columnar structures
characterize subsoil horizons. Platy forms can be found in both surface and subsoil horizons, and they
are mainly a result of soil-forming processes. Granular structures are present in surface horizons of most
soils, especially those rich in organic matter. Their exposure to erosive factors is therefore highest,

which puts them in focus of this thesis (Weil and Brady, 2017).

Granular aggregates found in soil surface horizons can be divided into macroaggregates (> 250 um) and
microaggregates (< 250 pum) based on their diameter. These aggregates exhibit a hierarchy in which
macroaggregates are composed of multiple microaggregates (Totsche et al.,, 2018). The size of an
aggregate greatly determines its susceptibility to erosion, which applies to individual particles as well. In
principle, larger particles or aggregates are more resistant to erosion compared with the smaller ones.
However, macroaggregates are at the same time more prone than microaggregates to being fragmented
by disruptive forces such as water, wind or physical disturbance. Therefore, the ability of granular
aggregates to withstand erosion depends not only on their size but also on their stability (Torri et al.,
1998). While these two properties of aggregates are important aspects of how soil structure influences
erodibility, they are greatly determined by another soil parameter known as soil texture, which can

affect soil erodibility on its own as well.

1.2.2 Soil texture

Soil texture (Figure 1) refers to the proportion of different-sized particles in a given soil. Several systems
of particle-size classification exist, but the one proposed by the U.S. Department of Agriculture (USDA) is
most widely used. According to this system, soil texture is determined by three size fractions: clay
(<0.002 mm), silt (0.002 — 0.05 mm) and sand (0.05 — 2 mm) (Yolcubal et al., 2004). Mineral bodies
larger than 2 mm in diameter (e.g. gravels, stones, cobbles and boulders) are not considered as part of
soil material (Hillel, 2008). As in the case of soil aggregates, the erodibility of individual soil particles is
greatly determined by their size (Torri et al., 1998). However, particles of each size fraction differ also in
their propensity to form aggregates, which in turn influences the structure of a soil and its ability to

withstand erosion (Weil and Brady, 2017).
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Sand particles are the largest, with a relatively small surface area. Because of that, they possess little
capacity to hold water or nutrients, and the pores between them tend to be filled mainly with air. Sand
itself exhibits insufficient stickiness to form aggregates by themselves, but only fine sand particles can
be easily carried away by wind or water. In sharp contrast with sand, stand the smallest particles — clay.
As their surface area is relatively large, clay particles have a great capacity to retain water and organic
matter. This characteristic makes them highly resistant to wind erosion. Clay particles also have the
highest propensity to attract each other and form aggregates. If not aggregated, however, they are
highly susceptible to water erosion due to their colloidal nature. An intermediate fraction between sand
and clay is silt. While silt particles are better than sand at adsorbing water and other substances, they
hardly stick together on their own. The little stickiness that silt may exhibit usually comes from a film of
adhering clay. Therefore, due to their low cohesiveness, soils rich in silt and fine sand are most prone to
erosion by both water and wind (Finch et al., 2014; Weil and Brady, 2017). Nevertheless, all size
fractions can form aggregates and decrease soil erodibility, although the aggregation process and the

parameters of the resulting aggregates might differ (Weil and Brady, 2017; Totsche et al., 2018).

1.3  Soil aggregation as a process preventing erosion

Aggregate formation and stabilization make up a bigger process termed soil aggregation (Amezketa,
1999). Several concepts of soil aggregation exist, but generally accepted is the hierarchical model
proposed by Tisdall and Oades (Tisdall and Oades, 1982). According to this concept, individual soil
particles are bound together and cemented by persistent forces into microaggregates, which in turn are
assembled and stabilized as macroaggregates by more transient forces. Microaggregates can also form
within macroaggregates (Tisdall and Oades, 1982; Oades and Waters, 1991; Six et al., 2004). The
difference between the strength of forces binding soil particles and microaggregates together leads to
the generally higher stability of microaggregates over macroaggregates (Totsche et al., 2018).
Macroaggregates are also more exposed than microaggregates to disruptive forces, such as agricultural
practices, which can decrease their stability or cause their breakdown (Bird et al., 2007; Lehmann et al.,
2017a; Totsche et al., 2018). The persistent forces that participate in soil aggregation are mostly a result
of physicochemical processes, whereas the transient forces are more related to biological processes
(Tisdall and Oades, 1982; Six et al., 2004; Totsche et al., 2018). Therefore, the physicochemical factors
are more involved in the formation and stabilization of microaggregates, whereas macroaggregates are
formed and cemented mainly by biological activity, although there are exceptions to this rule.

Moreover, physicochemical and biological aggregation processes happen simultaneously and interact

13



with each other, and thus the comprehension of their actual contribution to soil aggregation is still

lacking (Lehmann et al., 2017a; Lehmann et al., 2017b; Totsche et al., 2018).

1.3.1 Physicochemical aggregation

Considered as one of the most important physicochemical processes for soil aggregation is the
flocculation of soil particles. For this reason, physicochemical aggregation processes might play an
especially important role in soils with high clay content, whereas soil aggregation in silty and sandy soils
should depend rather on biological factors (Weil and Brady, 2017). As the basal surfaces of clay particles
are negatively charged, once they are positioned close enough to each other, cations present between
them form bridges bonding the particles strongly together. The positive charges on the edges of clay
particles also allow them to bind directly to each other as well as to negatively charged organic
molecules. Such organic molecules can also form bonds with clay particles through multivalent cations.
Aside from clay, other minerals such as Fe- and Al-(hydr)oxides are important aggregate-forming

materials, although they are not as well-studied (Weil and Brady, 2017; Totsche et al., 2018).

Independently from the type of material, the reaction partners need to approach each other physically
in order to be able to form a bond. This movement can be aided by different physical processes.
Especially important seem to be wetting-drying cycles. As water infiltrates soil and is withdrawn over the
course of multiple cycles, it moves small soil particles though capillary forces. The particles as well as
aggregates can also be rearranged through shrinking and swelling of soil mass caused by water menisci
forces. Similar effect have freezing-thawing cycles. The wetting-drying cycles can be facilitated as well in
the root area through the water uptake by plants, which is an example of the interaction of physical and

biological processes during soil aggregation (Weil and Brady, 2017; Totsche et al., 2018).

1.3.2 Biological aggregation

The major factors of biological soil aggregation are: i) soil fauna, ii) plant roots and iii) microorganisms
(Six et al., 2004). Soil animals such as earthworms and thermites can drive soil aggregation by physically
rearranging soil particles or mixing them with their bodily fluids (e.g. mucus, feces and saliva) that act as
biding agents (Six et al., 2004; Jouquet et al., 2016). Plant roots mechanically displace soil particles
during growth, exert pressure on the surrounding soil, change soil water regime and release organic
materials with cementing properties into the soil. Fungi entangle soil particles within their hyphal
networks and secrete biopolymers that glue soil particles together (Six et al., 2004; Totsche et al., 2018).

Of particular importance is a glycoprotein synthesized by arbuscular mycorrhizal fungi called glomalin,
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whose effects on aggregate stability were shown to be much stronger than the physical stabilization by
the hyphae alone (Rillig et al., 2002). Bacteria also produce compounds (especially polysaccharides) with
aggregating properties, and their filaments likely trap soil particles in a similar manner as fungal hyphae

(Belnap and Gardner, 1993; Six et al., 2004; Smith et al., 2004; Lehmann et al., 2017b).

Besides influencing soil aggregation directly, soil fauna, plant roots and microorganisms may affect the
aggregating capabilities of each other. For example, animal excretions and plant mucilages alter the
activity of soil microorganisms, while symbiotic bacteria and fungi determine the biological processes of
plants and animals (Six et al., 2004; Lehmann et al., 2017a; Enagbonma and Babalola, 2019). Soil
aggregation is therefore a complex process that depends on a multitude of various mechanisms and
interactions between different physicochemical and biological factors. Taking into consideration such
complexity, the knowledge gaps regarding the processes involved in soil aggregation are
understandable. In order to fill these gasps, further understanding of individual mechanisms driving soil

aggregation and how they are affected by different factors is necessary (Six et al., 2004).

Of special importance for preventing soil erosion are the biological agents of aggregation, as those are
more vulnerable to human activities compared with the physicochemical factors. According to the
recent study by Lehmann et al. (2017b), the most important groups of soil biota influencing soil
aggregation are bacteria and fungi. Lehmann et al. found that fungi contribute mainly to the formation
of macroaggregates, whereas bacteria strongly affect the formation of both macro- and
microaggregates. Therefore, the mechanisms that foster soil aggregation employed by bacteria,
especially the formation of polysaccharides with gluing properties, deserve more scientific interest than

they have received until now.

1.4  Bacterial polysaccharides as important agents of soil aggregation

Two types of bacterial polysaccharides play an important role in soil aggregation, namely
exopolysaccharides (EPSs) and lipopolysaccharides (LPSs). These compounds facilitate the attachment of
bacteria to soil particles, which mediates the formation of soil aggregates (Jacques, 1996; Sutherland,
2001a; Six et al., 2004; Totsche et al., 2018). While both EPSs and LPSs have gluing properties, their
structures and biosynthetic pathways are different. As it has been shown that even slight structural
differences between polysaccharides may result in entirely different physical traits, the structure is an
especially important characteristic for EPSs and LPSs, influencing their soil aggregation capabilities

(Suresh Kumar et al., 2007).
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1.4.1 EPSs

Bacterial EPSs, as their name suggests, are extracellular polymers composed of sugar residues.
Additionally, non-carbohydrate substituents such as acetate, pyruvate, succinate and phosphate may be
attached (Sengupta et al., 2018). These polymers can form a capsule that is bound, often covalently, to
the cell surface, or a slime that is dispersed in the surrounding environment (Sutherland, 1972). EPSs are
produced by many different species of both Gram-negative and Gram-positive bacteria (Suresh Kumar et
al., 2007). While these compounds are formed by such a wide variety of bacterial taxa, even closely
related organisms may produce different types of EPSs (Sutherland and Thomson, 1975; Celik et al.,
2008). Furthermore, certain bacterial species are able to synthesize more than one variant of these
polymers (Kwon et al., 1994; Matsuyama et al., 2003; Dertli et al., 2013). Moreover, EPS produced by
one strain may slightly vary depending on the nutritional and environmental conditions (Suresh Kumar
et al., 2007). As a result, EPSs are a very diverse group of compounds. This diversity applies to their sugar
composition, sequence of monomeric units as well as molecular size (Suresh Kumar et al.,, 2007;
Cuthbertson et al., 2009; Sengupta et al., 2018). Exemplary chemical structures of different EPSs are

presented in Figure 2.

1.4.1.1 Structure

EPSs can be classified based on their sugar composition as homopolysaccharides and
heteropolysaccharides. Homopolysaccharides are composed of a single repeating monosaccharide
residue, and, according to their linkage bonds and monomeric units, they are grouped into a-D-glucans,
B-D-glucans, fructans and polygalactans (Nwodo et al., 2012). Examples of homopolysaccharides are
dextran, inulin, levan, curdlan and cellulose (Figure 2a-e) (Schmid et al., 2015). Conversely,
heteropolysaccharides contain two or more different sugars (Nwodo et al.,, 2012). Most commonly
found in heteropolysaccharides are D-glucose, D-galactose and L-rhamnose, although L-fucose,
L-altrose, L-iduronic acid, N-acetyloglucosamine, N-acetylogalactosamine, glucuronic acid as well as
other components are sometimes present (Nwodo et al., 2012; Roca et al., 2015). These units are
usually joined by very rigid 1,4- B- and 1,3-B- bonds, or more flexible 1,2-a- and 1,6-a- linkages (Nwodo
et al.,, 2012). Examples of heteropolysaccharides are alginate, hyaluronic acid, sphingans, xanthan,
colanic acid and succinoglycan (Figure 2f-k) (Schmid et al., 2015). Furthermore, the repeating units in the
backbone of both homo- and heteropolysaccharides can be either linear or branched. The molecular
weight of these compounds is also diverse and may vary from 8 to over 5000 kDa (Zeidan et al., 2017).
As a result, the number of possible EPS variations is enormous. In the Bacterial Exopolysaccharide

Properties and Structures Database (EPS-DB) (Birch et al., 2019), already over a hundred published
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polysaccharide structures have been deposited, most (> 80 %) from lactic acid bacteria. Moreover, the
database has been established only recently and is still growing. This underlines the difficulties and

challenges of the research on bacterial EPSs.
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Figure 2. Chemical structures of EPSs mentioned in this thesis: a) dextran, b) inulin, c) levan, d) curdlan,

e) cellulose, f) alginate, g) hyaluronic acid, h) sphingan, i) xanthan, j) colanic acid and k) succinoglycan.

1.4.1.2 Biosynthesis
Regardless of the great diversity of bacterial EPSs, these polymers are known to be produced only via

four main biosynthetic pathways (Figure 3). Specifically, most EPSs are initially synthesized intracellularly
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and exported by one of the following mechanisms: i) the Wzx/Wzy-dependent pathway, ii) the ABC
transporter-dependent pathway or iii) the synthase-dependent pathway. Alternatively, they can be
synthetized directly outside the cell (Schmid et al., 2015). The first three EPS biosynthetic pathways start
in the cytoplasm with the activation of monosaccharides and their conversion into nucleotide sugars,
which are then used as building blocks for the polymer strand. For the extracellular EPS biosynthesis, the
precursor molecules are obtained by cleaving di- and trisaccharides (Pereira et al., 2013; Schmid et al.,
2015). Although not all the following steps in the various EPS biosynthesis systems are yet understood,
and especially the decoration with substituents often remains elusive, the main proteins involved in the

assembly and export processes are rather well-characterized (Schmid et al., 2015, Schmid, 2018).

The Wzx/Wzy-dependent pathway (Figure 3a) is the most common bacterial mechanism of EPS
biosynthesis (Whitfield and Larue, 2008; Whitfield, 2010). It can be found in both Gram-negative and
Gram-positive bacteria, although its final steps differ for these two groups (Zeidan et al., 2017).
Examples of the polymers synthesized via the Wzx/Wzy-dependent pathway are sphingans, xanthan,
colanic acid, succinoglycan (Figure 2h-k) and different capsular polysaccharides (Schmid et al., 2015). In
this pathway, the nucleotide sugars are first transferred to a lipid carrier (undecaprenyl diphosphate)
located at the cytoplasmic membrane and then assembled into repeating units by several soluble and/or
membrane-bound glycosyltransferases (GTs). Therefore, all polymers produced via the Wzx/Wzy-
dependent pathway are heteropolysaccharides with highly diverse sugar patterns (i.e. four or five
different monomeric units is common). The repeating units assembled on the lipid carrier are
subsequently translocated (flipped) across the membrane by the integral protein Wzx and then
polymerized by another integral protein — Wzy. In Gram-negative bacteria, the control of chain length
and the transport of the polymerized repeating units outside the outer membrane depend on additional
protein(s) from the polysaccharide copolymerase (PCP) and the outer membrane polysaccharide export
(OPX) families, which form a complex spanning the whole cell envelope (Pereira et al., 2013; Schmid et
al., 2015; Zeidan et al., 2017). In Gram-positive bacteria, these protein families are absent, and the chain
length of the polymer is instead controlled by a surrogate family of modulation proteins that also act as

a scaffold for the assembly machinery (Zeidan et al., 2017).

The ABC transporter-dependent pathway (Figure 3b) is specific for the biosynthesis of capsular
polysaccharides in Gram-negative bacteria (Zeidan et al., 2017). As in the Wzx/Wzy-dependent pathway,
capsular polysaccharides are assembled at the cytoplasmic membrane by GTs. However, depending on
the number of different GTs involved in the assembly process (i.e. one or more), the final polymer may
be either a homo- or heteropolysaccharide (Schmid et al., 2015). Another difference is the presence of

a linker composed of multiple B-linked 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues that anchors
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the polymer strand to the lipid carrier in the membrane and is carried by all capsular polysaccharides
produced via the ABC transporter-dependent pathway (Schmid et al., 2015; Zeidan et al., 2017; Sande et
al., 2019). Moreover, capsular polysaccharides are fully polymerized already at the cytoplasmic face of
inner membrane and then exported as complete molecules outside the cell by an efflux pump-like
complex. This complex comprises an inner membrane ABC-transporter as well as periplasmic proteins
from the PCP and OPX families, and it spans the cell envelope. These PCP and OPX proteins are closely

related to those used in the Wzx/Wzy-dependent pathway (Pereira et al., 2013; Schmid et al., 2015).

The synthase-dependent pathway (Figure 3c) is utilized by both Gram-negative and Gram-positive
bacteria, mainly for the assembly of homopolysaccharides, although simple heteropolysaccharidic
products (i.e. maximum two different monomeric units) also occur (Delbarre-Ladrat et al., 2014; Tytgat
and Lebeer, 2014). Examples of polymers produced via this pathway are curdlan, cellulose, alginate,
hyaluronic acid (Figure 2d-g) and various capsular polysaccharides (Schmid et al., 2015). The synthase-
dependent pathway is clearly distinct from the previously described systems and more diverse (Whitney
and Howell, 2013; Tytgat and Lebeer, 2014; Schmid et al., 2015; Low and Howell, 2018). Depending on
the polymer, the biosynthesis may be initiated in the presence or absence of a lipid carrier in the
cytoplasmic membrane (Whitney and Howell, 2013). Polymer elongation and export may be catalyzed
by a single enzyme (e.g. type 3 capsular polysaccharide biosynthesis in Streptococcus pneumoniae) or
carried out by a multiprotein complex (e.g. alginate biosynthesis in Pseudomonas and Azotobacter)
(Tytgat and Lebeer, 2014; Low and Howell, 2018). Such complex typically consists of an inner
membrane-embedded GT that facilitates simultaneous polymer formation and translocation across the
membrane. The GT is usually accompanied by an inner membrane receptor, also called copolymerase
(but different than the PCP proteins employed by the Wzx/Wzy- and ABC transporter dependent
pathways), which post-transcriptionally regulates the polymerization by binding the secondary
messenger bis-(3’-5’)-cyclic dimeric guanosine monophosphate (c-di-GMP). In the periplasm, the
polymer is protected from degradation by a tetratricopeptide repeat (TPR)-containing scaffold protein.
This protein is coupled to an outer membrane B-barrel porin, which in turn exports the polymer outside

the cell (Whitney and Howell, 2013; Low and Howell, 2018).

The extracellular biosynthesis (Figure 3d) is employed by Gram-positive bacteria for the production of
homopolysaccharides such as dextran, inulin and levan (Figure 2a-c) (Sutherland, 2001b; Ates, 2015;
Schmid et al., 2015). Compared with the other EPS biosynthesis pathways, this route is relatively simple.
It involves a specific GT (sucrase) that is secreted outside the cell and covalently linked to the cell wall.
This enzyme catalyzes the transfer of a monosaccharide from an extracellular oligosaccharide onto

a growing polymeric chain. As the synthesis of new glycosidic bonds in the elongated
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homopolysaccharides is powered by the energy obtained from cleaving the glycosidic bonds in the sugar
donor, this system is essentially independent from the central metabolism (Ates, 2015; Schmid et al.,

2015; Zeidan et al., 2017).
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1.4.2 LPSs

LPSs are major components of the outer membrane of most (but not all) Gram-negative bacteria
(Sutcliffe, 2010). These compounds typically cover ~75 % of the bacterial cell surface. While LPSs may
vary greatly in their structural details even between closely related organisms, their general structure is
one of the most conserved within Gram-negative bacteria (Steimle et al., 2016). They are complex
glycolipids that normally contain three main regions: i) lipid A, ii) core oligosaccharide and iii) O-antigen
polysaccharide (Whitfield and Trent, 2014). However, some bacteria synthesize these compounds only
partially. Full-length LPSs are named “smooth” forms, whereas LPSs lacking O-antigen polysaccharide
are called “rough” forms (Steimle et al., 2016). In rare cases, LPSs might comprise only lipid A (Wang et

al., 2006). The general structure of the different forms of LPS is presented in Figure 4a.

1.4.2.1 Structure

Lipid A is the innermost domain that makes up the outer leaflet of the membrane. Although this
molecule is the most conserved part of LPS, it still shows a high degree of structural diversity.
Specifically, lipid A consists of a phosphorylated glucosamine disaccharide with attached acyl chains, and
it may vary in the number and decoration of the phosphate groups, the number, length and
modification of the acyl chains, and occasionally also the chemistry of the sugar backbone. Differences
in the architecture of this molecule can be found not only between different species but sometimes

even within one species (Steimle et al., 2016).

Linked to lipid A is core oligosaccharide (core OS). This region contains up to 15 monosaccharides,
organized in a linear or branched structure, and it can be subdivided into an inner and outer core.
Between the two of them, the inner core shows less variability, as it is usually conserved within a family
or genus. This part of core OS is proximal to lipid A and normally starts with one or more Kdo residues.
Further, L-glycero-D (or L)-manno-heptopyranose and other heptose units are typically present. The
positioning of Kdo between sugar and lipid moieties is reminiscent of the Kdo linker used in the ABC
transporter-dependent EPS biosynthesis pathway. However, while the Kdo linker is composed of
B-linked Kdo residues, the Kdo residues in the inner core of LPS are joined by a- bonds. In addition, the
inner core is often decorated with substituents such as phosphate or uronic acids. The less conserved is
the outer core, also known as hexose region, as it is usually made of hexose units (Silipo and Molinaro,

2010; Whitfield and Trent, 2014; Sande et al., 2019).

Core OS provides an attachment site for O-antigen polysaccharide, also referred to as O-side chain or

just O-antigen, which is the outermost region of LPS as well as its biggest fragment. This molecule is built
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of repeating oligosaccharide subunits containing three to five sugars, and it can be made of as many as
40 repeating subunits. At least 20 different sugars can be a part of O-antigen, and some of them
(e.g. abequose, colitose, paratose and tyvelose) are rarely found anywhere else in nature. In
consequence, the composition of this large domain is the most variable amongst LPS components
(Lerouge and Vanderleyden, 2002). As an example, different Escherichia coli strains are able to

synthesize O-antigen with at least 188 different structures (DebRoy et al., 2016).

1.4.2.2 Biosynthesis

Although Gram-negative bacteria can greatly modify the structure of their LPSs, the basic biosynthesis
pathway and export mechanism of these compounds are well-conserved. The overview of LPS
biosynthesis pathway is depicted in Figure 4b. The LPS parts are assembled in the following order: lipid
A, core OS and O-antigen. The biosynthesis of lipid A takes place first in the cytoplasm and then the
cytoplasmic surface of inner membrane. This so-called Lpx pathway is mediated by a number of soluble
cytoplasmic enzymes and peripheral membrane proteins also known as Lpx enzymes. In E. coli, the
assembly of core OS ensues directly on lipid A. This process (Waa pathway) is catalyzed by several GTs
associated with inner membrane (Waa proteins). Once the synthesis of lipid A-core OS is completed, the
nascent molecule is flipped across the inner membrane by the ABC transporter MsbA (Voss and Trent,
2018). The formation of O-antigen starts independently at the cytoplasmic face of inner membrane and
follows one of the three possible pathways similar to the EPS biosynthesis pathways. Regardless of the
pathway, all O-antigens are built on a lipid carrier (undecaprenyl diphosphate) and ultimately exported
to the periplasm. In the Wzx/Wzy-dependent pathway, the precursor subunits of O-antigen are
assembled by specific GTs at the cytoplasmic membrane and translocated by the O-antigen flippase Wzx
across the inner membrane, where they are polymerized into O-antigen by the O-antigen polymerase
Wzy. ABC transporter-dependent O-antigens are synthesized by specific GTs entirely in the cytoplasm
and transported across the membrane by the ABC transporter system composed of the O-antigen ABC
transporter permease Wzm and the O-antigen ABC transporter ATP-binding protein Wzt (Greenfield and
Whitfield, 2012; DebRoy et al., 2016). The synthase-dependent pathway requires the participation of
a synthase that is believed to simultaneously polymerase and translocate the growing O-antigen across
the membrane, but details of this process are not well-comprehended, as only the O-antigen of
Salmonella enterica serovar Borreze is known to be formed using this pathway (Greenfield and
Whitfield, 2012; Bohl and Aihara, 2018). On the periplasmic, O-antigen and lipid A-core OS are ligated by
Waal. The so obtained fully formed LPS molecule is extracted from the outer leaflet of inner membrane,

transported across the periplasm, and finally inserted into the outer leaflet of outer membrane, all done
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by a protein bridge comprising seven different proteins (LptB,FGCADE) (Dong et al., 2017; Owens et al.,
2019). Although some protein families involved in the biosynthesis of EPSs and LPSs are related, they

can be distinguished based on the presence of characteristic domains (Pereira et al., 2013).
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Figure 4. Overview of LPS structure (a) and biosynthesis pathway (b) (adapted from Owens et al., 2019,
Pérez-Burgos et al., 2019, Steimle et al., 2016 and Whitfield and Trent, 2014).

1.5 The role of bacterial polysaccharides in specific environments

Although EPSs and LPSs play a crucial role in maintaining proper soil structure and preventing soil
erosion, bacteria produce them primarily to accommodate their own physiological needs. In fact, EPSs
greatly increase the ecological fitness of bacteria, and LPSs are even essential for the viability of some of

them (Suresh Kumar et al., 2007; Zhang et al., 2013). Most functions attributed to both types of
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compounds are of protective nature. Cells surrounded by a barrier made of EPSs are more resistant
against predation, phagocytosis and environmental stresses (e.g. desiccation, UV radiation, extreme
temperatures and elevated salt concentration) (Suresh Kumar et al., 2007; Kehr and Dittmann, 2015).
Similar protection, although not as extensive, is provided by LPSs (Garmiri et al., 2008; Duncan et al.,
2018). Bacterial polysaccharides also have the ability to bind and control the penetration of useful and
harmful substances into the cell. This plays a role in protecting the cell from antibiotics or heavy metals
as well as retaining trace elements under the conditions of their limited availability (Langley and
Beveridge, 1999; Papo and Shai, 2005; Suresh Kumar et al., 2007). EPSs are especially effective as carbon
reserves but also carbon sinks that help to regulate the carbon/nitrogen balance (Otero and Vincenzini,
2004; Costa et al., 2018). Furthermore, both types of polysaccharides are important for biofilm
development, establishing symbiotic relationship with plants and infecting animal hosts (Kierek and
Watnick, 2003; Suresh Kumar et al., 2007; Lindhout et al., 2009; Quelas et al., 2010; Matsuura, 2013;
Kehr and Dittmann, 2015). Finally, the improvement of soil structure through the aggregating
capabilities of bacterial polysaccharides is beneficial not only for the soil resistance to erosion but also
for creating favorable hydrological niches for the bacteria themselves (Benard et al., 2019). The exact
physiological as well as environmental roles of EPSs and LPSs are determined by the habitat in which the
bacterium lives. The significance of adhesive polysaccharides in different environments will be explained

in more detail on the example of biological soil crusts and agricultural soils.

1.5.1 Biological soil crusts

Bacterial polysaccharides hold especially high importance in the context of biological soil crusts, also
known as biocrusts. The reason is that biocrusts are essential for the functioning of many terrestrial
ecosystems (Sancho et al., 2014). They are assemblages of bacteria, archaea, fungi, algae, mosses and
lichens, which form a coherent layer of living material intermingled with soil particles within the first
millimeters of topsoil (Belnap and Lange, 2003). Organisms of biocrusts are embedded in a matrix of
extracellular polymeric substances, amongst which dominate polysaccharides. The protective properties
of these polymers make biocrusts highly stress-tolerant and allow them to live under extreme
environmental conditions (Rossi et al., 2018). In fact, biocrusts can be found almost everywhere, from
the Polar Regions (Williams et al., 2017) to the African Namib desert (Budel et al., 2009). However, they
are particularly prevalent in habitats with scarce vegetation, as light plays an important role in their
development (Sancho et al., 2014). They are also the first colonizers of new ecosystems and after
disturbances (Veste, 2005). In fact, biocrusts are considered to be “ecosystem engineers” because they

enhance carbon and nitrogen pools, increase soil temperature and stability, and improve seedling
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germination (Belnap and Lange, 2003; Williams et al., 2017). They can regulate moisture content in soil
by increasing or reducing water penetrability as well (Rossi et al., 2018). Thanks to these abilities,
biocrusts have high potential for improving soil resistance to erosion and are important drivers of soil

development (Weber et al., 2016). They owe these properties largely to polysaccharide production.

At the beginning, biocrusts are formed mainly by cyanobacteria and other photosynthetic as well
heterotrophic bacteria. Therefore, initial biocrusts have the form of biofilms (Mazor et al., 1996). During
their development, capsular polysaccharides and LPSs play an especially important role in the
attachment of free-living cells to a surface, whereas EPSs are essential for the consolidation of
immobilized cells into a mature biofilm (Vogeleer et al., 2014). Already at this stage, biocrusts promote
soil aggregation thanks to the adhesive properties of bacterial polysaccharides (Costa et al., 2018). In the
later stages, microorganisms forming biocrusts are largely replaced by eukaryotes (Lan et al., 2012). As
mentioned before, these organisms also possess mechanisms that drive aggregate formation. However,
EPSs and LPSs produced by bacteria are still necessary to start biocrust development, initiate the
aggregation of soil particles and prepare the conditions for the establishment of eukaryotic organisms
(Mazor et al., 1996). Therefore, the polysaccharide-producing bacterial members of biocrusts should be
considered as a seed and first hotspot for the overall processes of soil formation and stabilization. This
also makes them especially valuable in initial ecosystems, which are characterized by poor soil structure,
low nutrient content, few soil macroorganisms and little vegetation, as without their contribution these

ecosystems would have little chance to develop (Fischer et al., 2010a).

1.5.2 Agricultural soils

Another environment where bacterial polysaccharides should have a high relevance are agricultural
soils. This is because while good soil structure for crop growth requires the presence of stable
aggregates, those aggregates are regularly destroyed by agricultural management practices (Weil and
Brady, 2017). One of the most destructive techniques used in agriculture is intensive tillage. In general,
tillage is a physical loosening of soil in preparation for growing crops. However, depending on its
intensity, different types of tillage can be distinguished (Finch et al., 2014). The most intensive is
conventional tillage (CT), which refers to operations that turn over the upper soil layer to bury the crop
residues. This approach exposes the biologically less active subsoil, while the biologically most active
topsoil is moved down the soil profile (Townsend et al.,, 2016). Less invasive is conservation tillage,
which adopts the idea that the unique biocenoses of different soil layers should not be disturbed.
Conservation tillage was first introduced in the United States in the form of no-tillage, also known as

zero-tillage or direct drilling (M&ader and Berner, 2012). In this technique, seeds are drilled directly into
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the stubble that remains after harvesting the previous crop, and the level of soil disturbance is minimal
(Townsend et al., 2016). However, no-tillage is better suited for warm and dry climates, and it requires
the usage of herbicides to control weed infestation, which is not allowed in organic farming. As organic
farming has been gaining a lot of popularity in Europe over the past years, and the dominant climate
there is humid temperate, the conservation tillage technique most commonly used by European farmers
is reduced tillage (RT). It involves shallow working depth without soil inversion and leaves crop residues
on the fields (Mader and Berner, 2012). The visual difference between fields after CT and RT can be

observed in Figure 5.

Figure 5. Fields at the agricultural field trial in Frick (Switzerland) after CT (on the right) and RT (on the
left). CT turned over the upper soil layer and buried the crop residues, whereas RT did not cause soil

inversion and left the crop residues on the field.

Although RT gained recognition relatively recently, it is increasingly promoted over CT to protect the
aggregated soil structure and prevent soil erosion (Mader and Berner, 2012). In fact, several studies
already showed that RT is superior to CT in respect to soil aggregate preservation (Jacobs et al., 2009;
Mikha et al.,, 2013; Bartlova et al., 2015; Sheehy et al.,, 2015; Singh et al.,, 2016). However, our
understanding of the underlying mechanisms of this phenomenon is still lacking. Moreover, some

reports suggest that in certain conditions tillage intensity might have no influence on soil aggregation
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(Asgari, 2014). While abiotic factors influencing soil aggregation such as soil texture have been
investigated and recognized as possible determinants of soil response to different tillage intensities
(Cooper et al., 2016), less attention has been focused on biotic factors such as bacteria or fungi, even
though their importance for aggregate formation is well-known. Furthermore, no previous studies
evaluated if soil parameters can change how tillage influences the bacterial and fungal ability to drive
soil aggregation. A few independent reports suggest that intensive tillage disrupts hyphal networks
and, thus, hinders the fungal soil aggregation capabilities (Beare et al., 1997; Wright et al., 1999;
Cookson et al., 2008; Dai et al., 2015; Lu et al., 2018), but their number is insufficient to draw any
definite conclusions on the interactions between fungi and soil parameters under tillage stress, and no
relevant meta-study was performed. Information on bacteria responsible for soil aggregation are even
scarcer, as all related studies were performed only on isolated strains (Costa et al., 2018). There seems
to be a relation between tillage intensity and soil-aggregating bacteria, as Caesar-TonThat et al. (2007)
found higher diversity of bacterial isolates able to stabilize artificial aggregates in no-tilled soil compared
with conventionally tilled soil. Moreover, Caesar-TonThat et al. (2014) isolated higher proportion of
bacteria with soil aggregation capabilities from soil under no-tillage than from soil under CT. This could
be caused by the fact that EPS and LPS production requires high inputs of energy and carbon, while
reduced soil organic carbon stocks have been frequently observed under CT compared with less
intensive tillage (Gadermaier et al., 2012; Quintero and Comerford, 2013; Krauss et al., 2017). However,
isolation approaches are strongly biased towards cultivable bacteria, and the aforementioned studies
did not evaluate the mechanics of aggregate stabilization employed by the isolated strains. Therefore,
no previous study investigated the impact of tillage on bacterial communities of adhesive polysaccharide

producers, and further investigation needs to be aimed at closing this research gap.
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1.6  Open questions, research aims and hypotheses

The research for this thesis was conducted as part of the project “Fertility Building Management
Measures in Organic Cropping Systems” — FertilCrop, which aimed at developing efficient and
sustainable agricultural management techniques that could be applied in organic farming to increase
crop productivity. Especially vital for the sustainability of agro-ecosystems is the preservation of soil
aggregates under the disruptive influence of tillage, and thus aggregate formation and stabilization was
of great interest to the project. Our attention was directed particularly to the microbial production of
compounds that act as “glue” for soil particles, as it is undoubtedly an important mechanism that drives
soil aggregation. The most studied microbial “glue” is glomalin synthesized by the hyphae of mycorrhizal
fungi belonging to Glomeromycota (Vi¢ek and Pohanka, 2019). The extensive studies on this
glycoprotein showed for example that its production can be influenced by different environmental
factors such as various soil properties and climatic conditions (Hammer and Rillig, 2011; Wang et al.,
2017) as well as by fungal species (Bedini et al., 2009). It was also demonstrated that aggregate stability
is correlated with the concentration of glomalin in soil and that tillage can negatively impact soil
aggregation by reducing glomalin production (Wright et al., 1999; Borie et al., 2006). However, glomalin
contributes mainly to the formation and stabilization of macroaggregates, whereas both macro- and
microaggregates are stabilized by bacterial polysaccharides (Lehmann et al., 2017b). Nevertheless, while
a lot is known already about glomalin in the context of soil aggregation, the corresponding data on
bacterial polysaccharides is still scarce. Therefore, we decided to contribute towards the overall goals of

the FertilCrop project by deepening the knowledge on bacterial polysaccharides.

EPSs and LPSs are very diverse groups of compounds. In fact, even closely related bacteria can produce
structurally different polysaccharides. Moreover, the properties of polysaccharides strongly depend on
their structure (Berne et al., 2015). Therefore, EPSs and LPSs produced by different bacteria may vary
greatly in their adhesiveness (Suresh Kumar et al., 2007). This could be crucial for soil aggregation in
different environments and under differing conditions, as bacterial community composition can be
influenced by many factors such as pH, nutrient content, soil texture, temperature or plant species
(Fierer, 2017). Hence, different bacterial communities might differ in their soil aggregation efficiency.
Surprisingly, many studies evaluated the effects of isolated bacterial strains on soil aggregation (de Caire
et al., 1997; Caesar-TonThat et al., 2007; HuiXia et al., 2007; Caesar-TonThat et al., 2014; Colica et al.,
2014; Kheirfam et al.,, 2017a; Mugnai et al., 2018), but less attention was put on the community
dynamics of bacterial polysaccharide producers under natural conditions. Because of that, until recently
little was known on: i) what part of bacterial community has the potential to produce EPSs and LPSs,
ii) which are the potential key producers of these polysaccharides, iii) if the overall potential to produce

EPSs and LPSs is shaped by the community composition or is conserved within a community even if the
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community changes, and iv) if the answers to the above questions are universal or depend on different
factors, in which case what are the factors and how do they influence these answers. To address these
research questions, several studies were designed as part of this thesis to evaluate communities of

bacteria with the potential to produce EPSs and LPSs in different environments.

We were especially interested in the bacterial potential to produce adhesive polysaccharides in
agricultural soils, as the preservation of soil aggregates under different tillage systems is an urging issue
that was addressed by the FertilCrop project, and very little is known about the effects of tillage
intensity on the bacterial ability to influence soil aggregation through the formation of EPSs and LPSs.
However, agricultural soils are complex systems, and thus we decided to investigate bacterial
polysaccharide producers in biocrusts as well. That is because biocrusts are model organisms
well-known for their ability to induce soil aggregation. Therefore, we expected to find a high number of
potential producers of adhesive polysaccharides there. Moreover, biocrusts are found in many
terrestrial ecosystems, including agricultural soils, and thus the same potential polysaccharide producers
could possibly play a role in soil aggregation by biocrusts as well as in agricultural soils. Finally,
investigating biocrusts is possible in controlled laboratory conditions, and conclusions drawn from such
experiment could be helpful in explaining trends observed in more complex systems such as agricultural
soils. Because of that, our study on potential polysaccharide producers in biocrusts took the form of
a microcosm experiment (P1). Such format enabled us to follow the establishment of biocrusts on two
different soil substrates that came from sites with different types of naturally occurring biocrusts. This
design originated from our interest in observing the changes in the communities of potential EPS and
LPS producers during the development of biocrusts as well as in comparing the potential polysaccharide

producers in biocrusts composed of different bacterial communities.

Our investigation of potential producers of adhesive polysaccharides in agricultural soil was divided into
two studies based on separate field sampling campaigns. In the first study (P2), we aimed to evaluate
the communities of potential EPS and LPS producers under CT and RT, and we were especially interested
in comparing the soil layers in and below the tillage horizon, as we expected that the biggest differences
would be visible between the soil layers directly affected by tillage and those outside the reach of the
disturbance caused by tillage. The second study (P3) was designed as a follow-up of the first one, as we
wanted to delve further into the topic of the influence of CT and RT on the bacterial polysaccharide
producers. However, the aim of this study was focused more on how environmental factors could
change the way the different tillage intensities influence the potential producers of EPSs and LPSs.
Therefore, while our first agricultural study (P2) encompassed one agricultural field trial sampled at

different depths, the second (P3) was based on three agricultural field trials from which only the top soil
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was sampled. While the tillage regimes tested at the three trials were comparable, the sites differed
significantly in various other parameters. Aside from the comparable tillage regimes, the primary
property based on the differences in which the three trials were selected was soil texture. That was
because it was suggested that soil texture could be an important factor modifying how the intensity of
tillage affects the microbial ability to aggregate soil (Babin et al., 2019). It is especially expected that the
effects of tillage could be best studied in silty and sandy soils as opposed to clayey soils. Furthermore,
while some investigations of the fungal aggregating capabilities in relation to tillage intensity were
performed in soils with different textures (Beare et al., 1997; Wright et al., 1999; Cookson et al., 2008;

Dai et al., 2015; Lu et al., 2018), corresponding experimental data for bacteria was missing.

In the frame of this work, the following hypotheses were tested in the above-mentioned experiments:
i) the key players of EPS and LPS production differ in biocrusts composed of different bacterial
communities, but the relative abundance of the genes involved in the formation of these compounds as
well as of the potential polysaccharide producers generally increases in the biocrusts compared with the
initial soil substrates regardless of the variability in the community composition of the potential
polysaccharide producers (P1), ii) the relative abundance of the genes related to EPS and LPS synthesis
as well as of the potential polysaccharide producers is lower under CT compared with RT, and the
expected difference between the tillage intensities is more apparent in the tillage horizon rather than
below it (P2), and iii) the relative abundance of the EPS and LPS genes and the community composition
of the producers of these compounds differs under CT and RT especially in sandy and silty soils
compared with clayey soils (P3). In addition to these experiment-specific hypotheses, we tested more
general hypotheses that linked all our experiments: i) improved soil aggregation is connected with
increased bacterial potential to produce EPSs and LPSs, ii) the community composition of potential
polysaccharide producers is shaped by similar factors as the overall community composition, and iii) the
potential of a bacterial community to produce EPSs and LPSs depends on the taxonomic composition of

that community.
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2 Materials and methods

This thesis focuses on the bacterial potential to produce EPSs and LPSs in specific environments:
i) biocrusts from initial ecosystems and ii) tilled agricultural soils. Biocrusts were cultivated in
a microcosm experiment (P1), and tilled soils were collected during two field sampling campaigns (P1,
P2). Metagenomic analyses of genes specific for the formation of adhesive bacterial polysaccharides
were complemented by measurements of parameters such as stable aggregate fraction (SAF), dissolved
organic carbon (DOC) and nitrogen (DON), microbial biomass carbon (Cmic) and nitrogen (Nmic), soil

organic carbon (SOC) and X-ray computed microtomography (XCMT).

2.1  Microcosm experiment (P1)

Soil substrates for the microcosm experiment were collected from two initial ecosystems: i) the artificial
catchment Chicken Creek (51°36’18” N, 14°15°58” E) and ii) a moving sand dune near Lieberose
(51°36’18"” N, 14°15’58" E). The two sites are located approximately 37 km apart in the state of
Brandenburg in eastern Germany. The soil there differs mainly in pH — it is slightly alkaline in Chicken
Creek (~7.3) and rather acidic in Lieberose (~5.4). Moreover, the sites have different origins. The
Chicken Creek catchment was constructed in 2005 in an opencast mine by dumping and contouring sand
and loamy sand material originating from Pleistocene sediments. After the construction, no restoration
was undertaken and the area was allowed to undergo natural succession. The mobile sand dune near
Lieberose (composed of Pleistocene aeolian sand) is a result of extensive disturbances of the land
surface by former military activities (until approximately 1992). Biocrusts occur naturally at both
locations, but the communities of organisms forming them differ. At the Chicken Creek catchment,
major members of biocrusts are cyanobacteria, while algae dominate biocrusts at the Lieberose sand

dune.

Bulk soils from the two sites were passed through a 2 mm sieve, packed into plastic pots (10 cm x 10 cm
x 10 cm) and compacted to the density of 1.6 g cm™. In total, the experiment comprised 18 pots (9 per
site). The water content was adjusted to 50 % of the maximum water holding capacity and controlled on
a weekly basis. The pots were incubated in a sun simulator with a 16:8 day:night cycle. The relative air
humidity there was kept constant at 90-95 %, and the temperatures in the light and dark periods were
25 °C and 18 °C, respectively. After biocrusts developed successfully four months later, the pots were
transferred to a greenhouse, where similar conditions of temperature, watering regime and night-day

cycles were maintained.
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Bulk soils without biocrust development were sampled at the beginning of the experiment (T0), whereas
after 4 (T1) and 10 (T2) months of incubation, samples of biocrusts were taken from the top 2 mm. At
each sampling time point, three independent pots per soil substrate were sampled and then discarded.
One part of each sample was stored at -80 °C and used for DNA extraction, library preparation and

sequencing, and the other was stored at 4 °C for biochemical analyses.

The biochemical analyses performed for all samples included DOC and DON measurements.
Furthermore, bulk soil samples from TO were used for the determination of pH, while water repellency
was analyzed in biocrust samples from T2. Finally, biocrusts from T2 grown on soil substrate from
Chicken Creek, as the only ones with sufficient thickness, were examined by means of an XCMT. The

experimental design of the microcosm experiment is shown in Figure 6.
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Figure 6. Experimental design of the microcosm experiment. Bulk soils were taken from two sites and
put into pots. Samples of the bulk soils were taken at the beginning of the experiment at TO, whereas
biocrusts were sampled after 4 and 10 months of incubation, at T1 and T2, respectively. Different

analyses were performed on samples taken at selected time points.
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2.2  Field sampling campaigns (P2, P3)

Samples of tilled agricultural soils were taken from the long-term organic field trials located in: i) Frick,
Switzerland (47°30’N, 8°01’E, 350 m a.s.l.), ii) Moskanjci, Slovenia (46°03’N, 15°04’E, 225 m a.s.l.), and
iii) Juchowo, Poland (53°40’N, 16°30’E, 160 m a.s.l.). The major distinction between the three sites is soil

texture, but the sites differ also in other parameters (Table 1).

Table 1. Trial characteristics.

Trial Frick Moskanijci Juchowo
Trial start 2002 1999 2010

. . . . . . 53°40'N,
Geographic coordinates 47°30’N, 8°01’E 46°03'N, 15°04’E 16°30°E
Elevation [m a.s.l.] 350 225 160

i Stagnic Eutric Skeletic Eutric .
Soil type Cimbisol Cambisol Haplic Arenosol
Soil texture clayey loamy sandy
Climate type temperate continental continental
Mean annual temperature [°C] 8.9 10.6 8.5
Mean annual precipitation [mm] 1000 913 750
Plant species in the last 2 years . .
spelt-grass & clover  winter rye-cover crops spelt-lupine

before the 2™ sampling campaign

The samples of two tillage treatments — CT and RT — were taken in spring, before tilling, from three
replicated plots per treatment. The intensities of the CT and RT treatments at all three sites are
comparable, even though the tillage treatments there are performed with slightly different equipment.
At the Frick trial, CT is based on ploughing with a moldboard plough operating at 15-18 cm depth, while
for RT, soil loosening is performed at a depth of 5-10 cm with a chisel and a skim plough, with
occasional non-inversion loosening to 15-20 cm. In both systems, the seedbed preparation is done using
a rotary harrow running at 5 cm depth. At the Moskanjci trial, for CT, a moldboard plough operating at
20 cm depth is used, followed by soil bed preparation with a rotary hoe. For RT, a special machine —
4-row disc harrow with individually suspended discs and a system for varying the working angle (and
thus the tilling intensity) — is applied up to the depth of 10 cm in one or two passes to till the soil and
prepare the seedbed. At the Juchowo trial, CT is performed by ploughing up to 30 cm deep with an
Ecomat plough, while for RT, soil loosening up to 10 cm deep is done using a cultivator with goosefeet

sweeps.

The first sampling campaign (P2) was carried out in 2015 only in Frick. At the time of sampling, a green

manure mixture was growing on the plots. Samples were taken to a soil depth of 50 cm and divided into

33



three layers: 0-10 cm, 10-20 cm and 20-50 cm, producing 18 samples (3 depths x 2 tillage treatments
x 3 plot replicates). During the second sampling campaign (P3), which took place in 2016 (in Juchowo)
and 2018 (in Frick and Moskanijci), soil was taken to a depth of 10 cm from all three trials, resulting in 18
samples (3 trials x 2 tillage treatments x 3 replicated plots). At that time, grass-clover was growing in
Frick, a mixture of cover crops — in Moskanjci, and lupine — in Juchowo. Both sampling campaigns were
accomplished by taking 10 cores per plot using soil augers and homogenizing cores from the same plot.
One part of each homogenized sample was stored at -20 °C before using for DNA extraction, library

preparation and sequencing, and the other was stored at 4 °C before physicochemical measurements.

a Conventional Reduced
tillage (CT) tillage (RT)
b Conventional Reduced
tillage (CT) tillage (RT)
Frick .

Figure 7. Experimental design of the two field sampling campaigns: a) the first field sampling campaign
and b) the second field sampling campaign. During both field sampling campaigns, CT and RT were
sampled. During the first field sampling campaign, three depths were sampled at one site, whereas

during the second field sampling campaign, one depth was sampled at three sites.
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The parameters analyzed in samples from the first sampling campaign were SAF, SOC, DOC and Cmic,
while samples from the second sampling campaign were measured for clay, silt and sand content, SAF,
pH, DOC, Cmic and Nmic. The experimental designs of the two field sampling campaigns are shown in

Figure 7.

2.3  Physicochemical measurements

The physicochemical measurements described in this thesis were performed by cooperation partners.
The determination of clay, silt and sand content was accomplished by means of a combined sieving and
sedimentation method (ISO 11277 2009). SAF was measured using a wet sieving approach (Murer et al.,
1993). DOC, DON, Cmic and Nmic were quantified by means of a chloroform fumigation-extraction
method (Brookes et al., 1985; Vance et al.,, 1987). DOC and DON were determined in unfumigated
samples, whereas Cmic and Nmic were estimated as a difference between fumigated and unfumigated
samples (Joergensen, 1996; Joergensen and Mueller, 1996). The assessment of SOC was performed by
wet oxidation (Krauss et al., 2017). Water repellency was evaluated by means of an ethanol/water
microinfiltrometric sorptivity procedure (Fischer et al., 2010b). XCMT was employed to analyze pore
connectivity and calculate Euler characteristics according to Kéhne et al. (2011) and Vogel et al. (2010).
The measurement of pH was achieved in CaCl, solution for samples from the microcosm experiment,

and in demineralized water for the tilled soil samples (ISO 10390 2005).

2.4 DNA extraction, library preparation and sequencing

DNA extraction of samples from the microcosm experiment (P1) was carried out by means of the
“Genomic DNA from soil” NucleoSpin Soil Kit (Macherey-Nagel, DE) following the producer’s guideline.
For these samples, lysis was accomplished using Buffer SL1. DNA from the tilled soil samples (P2, P3)
was extracted according to the phenol-chloroform based DNA/RNA coextraction protocol described by
Lueders et al. (2004). During this procedure, a Precellys24 homogenizer with CKMix tubes (Bertin
Technologies, France) were used for sample lysis. Extracted DNA was checked for purity by means of
a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, USA). The quantity was also verified
using a SpectraMax Gemini EM microplate reader (Molecular Devices, USA) with a Quant-iT PicoGreen
dsDNA Assay Kit (Life Technologies, USA) (P1, P2), or a Qubit 4 Fluorometer with a Qubit dsDNA BR
Assay Kit (Thermo Fisher Scientific, USA) (P3).

After extraction, DNA was sheared by employing an E220 Focused-ultrasonicator (Covaris, USA). Sheared

DNA was used to construct metagenomic libraries by means of a NEBNext Ultra- (P1, P2) or NEBNext
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Ultra Il DNA Library Prep Kit for lllumina (P3), and NEBNext Multiplex Oligos for lllumina (New England
Biolabs, UK), as described in the protocol of the manufacturer. Where applicable, Agencourt AMPure XP
beads (Beckman Coulter, USA) were employed. Library size and concentration were assessed by means
of a 2100 Bioanalyzer with a High Sensitivity DNA Analysis Kit (Agilent, USA) (P1, P2), or a Fragment
Analyzer with a DNF-473 Standard Sensitivity NGS Fragment Analysis Kit (Advanced Analytical, USA) (P3).

After pooling equimolarily to 4 nM and spiking with PhiX, libraries were sequenced on a MiSeq
sequencer using a MiSeq Reagent Kit v3 for 600 cycles (lllumina, USA). Raw sequencing data was
uploaded to the Sequence Read Archive (SRA) under the accessions numbers PRINA509545 (P1),
PRINA387672 (P2) and PRINA555481 (P3), respectively. The processing of the samples is shown in
Figure 8a.

physicochemical
measurements
DNA DNA library shotgun raw
extraction shearing preparation sequencing reads
b taxonomic
analysis
raw quality filtered
reads filtering reads
functional
analysis

Cc analysis of
gene abundance
filtered identification of HMM assigning
reads open reading frames search KO ID
analysis of
functional taxonomy

Figure 8. Schemes demonstrating the workflows of a) sample processing, b) general bioinformatical

samples

processing of sequencing data and c) functional analysis of genes specific for EPS and LPS biosynthesis.

2.5 Filtering and taxonomic analysis of sequencing data
Raw sequencing data was filtered by removing remnant adaptor sequences, trimming terminal

nucleotides with Phred quality scores lower than 15 and discarding reads shorter than 50 bp. This was
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accomplished by means of AdapterRemoval (Schubert et al., 2016). Additionally, reads with more than
1 % ambiguous bases (N) were eliminated from the microcosm sequencing data (P1) using PRINSEQ-lite
(Schmieder and Edwards, 2011b). PhiX decontamination was performed by means of DeconSeq

(Schmieder and Edwards, 2011a).

Filtered reads were taxonomically profiled against the National Center for Biotechnology Information's
non-redundant (NCBI-nr) database (Sayers et al., 2019). This was achieved using Diamond (Buchfink et
al., 2015) together with MEtaGenome ANalyzer (MEGAN) (Huson et al., 2011) (P2) or Kaiju (Menzel et
al., 2016) (P1, P3). The results of the taxonomic profiling against the NCBI-nr database were confirmed
by the SILVA’s database (Glockner et al., 2017) assighment of the 16S rRNA gene sequences identified by

means of SortMeRNA (Kopylova et al., 2012). The general bioinformatic workflow is shown in Figure 8b.

2.6  Functional analysis of sequencing data

Genes specific for EPS and LPS biosynthesis were identified using a targeted pipeline combining Hidden
Markov Model (HMM) searches with blasts. To create this pipeline, protein sequences associated with
the production of adhesive polysaccharides were obtained from the online Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (Kanehisa and Goto, 2000) and examined for the presence of
function-specific conserved domains by means of CD-search (Marchler-Bauer et al.,, 2015). KEGG
Orthology (KO) entries that possessed such domains, as well as HMMs of the corresponding domains
downloaded from the Pfam (Finn et al., 2016) and TIGRFAMs (Haft et al., 2013) databases were used to
construct specific protein and HMM databases. Separate databases were created for sequences related
to EPS and LPS formation, and their identification was performed independently. The pipeline was
established using the sequencing data from the first field sampling campaign (P2). FragGeneScan (Rho et
al., 2010) was applied on filtered reads to predict open-reading frames, which were then scanned with
HMMER (Mistry et al., 2013). Reads matching the downloaded HMMs were subsequently blasted
against the self-built KO databases using Diamond. KO numbers were assigned only to the reads with
the top 25 blast results matching. The specificity of this pipeline was validated by using blastx on
25 randomly selected reads per KO number against the online NCBI-nr database. If all the 25 reads were
assigned to the function of interest, the results were considered sufficiently specific. Otherwise, the KO
entry and the corresponding HMM were removed from the pipeline. Out of 81 investigated KO numbers
(67 for EPSs and 14 for LPSs), 14 were included in the final version of the pipeline. The final list of KO
numbers and HMMs used for the analysis, can be found in Table 2. The workflow of the bioinformatical
analysis used for the genes specific for EPS and LPS production is shown in Figure 8c. Additionally, COG

(Clusters of Orthologous Groups) functional categories were assigned to the sequencing data from the
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microcosm experiment (P1) based on the eggNOG (evolutionary genealogy of genes: Non-supervised

Orthologous Groups) database (Huerta-Cepas et al., 2015) by means of Diamond.

Table 2. KO numbers and HMM IDs used for the functional analysis with corresponding genes and

proteins.

nul;ober HMM ID Gene Protein

K01991 PF02563 wza polysaccharide export outer membrane protein Wza
K03819 TIGR04016 wcaB colanic acid biosynthesis acetyltransferase WcaB
K03818 TIGR04008 wcaF colanic acid biosynthesis acetyltransferase WcaF

K16710 TIGRO4006  wecak/ams) colanic acid/amylovoran biosynthesis pyruvyl transferase

WcaK/Ams)
K10107 TIGR0O1010 kpsE capsular polysaccharide export system permease KpsE
K19420 TIGR0O1006 epsA exopolysaccharide biosynthesis tyrosine kinase modulator EpsA
K19419 PF14897 epsG exopolysaccharide biosynthesis transmembrane protein EpsG
K16081 PF13372 algE alginate export outer membrane protein AlgE
K19295 PF16822 alg) alginate biosynthesis acetyltransferase AlgJ
K00692 PF02435 sacB levansucrase SacB
K09691 PF14524 wzt O-antigen ABC transporter ATP-binding protein Wzt
K11719 TIEFIB%ZZ;C;Q, IptC LptB,FGCADE Iirrfeprs]lg/::rfgh;rr;(:;:)ii(:ét complex inner
K07091 TIGR04407 IptF LptB,FGCADE lipopolysaccharide export complex permease LptF
K11720 TIEFIB(;)Z;Z;C;& IptG LptB,FGCADE lipopolysaccharide export complex permease LptG

2.7  Statistical analysis and data visualization

Prior to statistical analysis and data visualization, sequencing data was preprocessed into relative
abundances. This was done by dividing the number of reads assigned to a gene or organisms by the total
number of reads per sample. In case of the sequencing data from the microcosm experiment and the
second field sampling campaign (P1, P3), only bacterial reads were analyzed. For the sequencing data
from the second field sampling campaign (P3), absolute gene abundances were also estimated by

multiplying the relative gene abundance with the Cmic value and dividing by 100 (Zhang et al., 2017).
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Most of the following statistical analyses and data visualizations were performed using R (R Core Team,

2016).

The statistical tests were chosen based on the experimental design of the different experiments and the
research questions that these experiments were meant to answer, and thus different tests were
employed for different datasets. As the first field sampling campaign (P2) had a repeated-measures
design, the data from this experiment was statistically analyzed by means of multilevel models. This was
accomplished by employing the Ime function from the nlme package (Pinheiro et al., 2018) and setting
the following contrasts to identify differences between sampling depths: 0-20 cm vs 20-50 cm, and
0-10 cm vs 10-20 cm. The datasets from the microcosm experiment (P1) and the second field sampling
campaign (P3) both included only two independent variables and, thus, were analyzed using a robust
2-way independent analysis of variance (ANOVA). This was achieved by means of the pbad2way function
in the WRS package (Wilcox and Schénbrodt, 2014). Additionally, the pb2gen function from the same
package was employed to perform a robust t-test for the data from the second field sampling campaign
(P3) in order to analyze one of the variables in more detail. Both robust tests were based on the median
as M-estimator and used 2000 bootstrap samples. To control the false discovery rate in the sequencing
data, the Benjamini-Hochberg procedure was applied. For the data from the microcosm experiment (P1)
and the second field sampling campaign (P3), effect sizes were calculated according to Field et al. (2012)

in the form of omega squared (w?) and Pearson’s correlation coefficient r where applicable.

Dissimilarity between samples was examined by means of principal component analysis (PCA) for soil
data (P3), and non-metric multidimensional scaling (NMDS) (P2) or principal coordinates analysis (PCoA)
(P1, P3) for sequencing data. The generation of PCA ordination was performed with the rda function of
the vegan package (Oksanen et al., 2018). NMDS and PCoA ordinations were based on Bray-Curtis
distances, and they were created by employing the metaMDS function from the vegan package or the
pcoa function in the ape package (Paradis et al., 2004), respectively. Bray-Curtis dissimilarity matrices for
PCoA were calculated using the vegdist function of the vegan package. Where necessary, negative

eigenvalues were corrected by means of the Caillez procedure.

Within-sample diversity was measured as the nonpareil diversity index estimated using Nonpareil
(Rodriguez-R and Konstantinidis, 2014) (P1) or the Shannon-Wiener index determined by means of the
alpha.div function from the asbio package (Aho, 2015) (P2). Correlations within the data were explored
using the cor.test function to calculate the Spearman’s rank correlation coefficient p (P1). VENN
diagrams were created with InteractiVenn (Heberle et al., 2015). The graphs were made by means of the
functions ggplot, heatmap.2 and ordiplot in the packages ggplot2 (Wickham, 2009), gplots (Warnes et

al., 2015) and vegan, respectively.
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3 Discussion

3.1 Tools to analyze bacterial polysaccharides and their producers in soil

Adhesive bacterial polysaccharides, specifically EPSs and LPSs, are important drivers of soil aggregation.
In turn, soil aggregates play a crucial role in preventing soil erosion. It is, therefore, essential to
investigate the production of these polysaccharides in environments where soil is particularly prone to
erosion. Especially high rates of erosion are observed in initial ecosystems, which are characterized by
poorly established vegetation and low soil aggregation, and in agroecosystems, in which soil aggregates
are regularly disturbed by agricultural management practices (Borrelli et al.,, 2017). The presence of
bacteria with soil aggregation capabilities in biocrusts from initial ecosystems and in agricultural soils
was proven before by isolation studies, but data on the whole communities of polysaccharide-producing
bacteria in their natural environment was missing (Caesar-TonThat et al., 2007; HuiXia et al., 2007;
Caesar-TonThat et al., 2014; Colica et al., 2014; Kheirfam et al., 2017a; Mugnai et al., 2018). For these
reasons, the central aim of this thesis was to address the bacterial production of adhesive
polysaccharides in biocrusts and agricultural soils. However, the measurement of polysaccharide

content in these media is difficult.

While many methods could be used to directly determine the concentration of EPSs and LPSs in aqueous
solutions, the structurally and chemically complex matrices of media such as soil or biocrust require for
the polysaccharides to be extracted from these media before any measurements can be performed.
Until now, the efforts to investigate LPSs were made mostly in the area of human health. Thus, the
existing LPS extraction techniques were designed to obtain LPS molecules mainly from clinical samples,
food products or pure cultures, for such purposes as serotyping, structure studies and epitope mapping.
As a result, the available LPS extraction methodologies are not optimized for accurate measurements of
LPS content in soil or biocrust, and more research needs to be done before these techniques can be

reliably used for this purpose (Parker et al., 1982; Ford et al., 1985; Stromberg et al., 2017).

Conversely, more efforts were made to develop methods to extract EPSs from soil or biocrust. In this
case, the main difficulty is to extract both free and bound extracellular polysaccharides from a given
medium without damaging any cells and causing the leakage of intracellular polysaccharides. Recently,
Redmile-Gordon et al. (2014) evaluated the suitability of different EPS extraction methods for soil but
found all of them more or less biased. Similarly, Rossi et al. (2018) discussed the existing protocols of
EPS extraction from biocrusts stressing that so far no universal methodology was established and further
optimization of the available ones is required. Additionally, the existing methods do not allow for the

distinction of bacterial EPSs from those of other origins (fungal, plant, etc.) that can be found in soil and
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biocrust. This limited their usefulness for the purpose of the current thesis, whose main focus was on

bacteria.

Another drawback of directly measuring the concentrations of EPSs and LPSs is that this approach
provides only a snapshot of different microbial processes happening at a given moment. Specifically,
polysaccharide levels in soil or biocrust depend not only on the activity of EPS and LPS producers but
also of polysaccharide degraders (Colica et al., 2015). Moreover, the bacterial production of adhesive
polysaccharides can be influenced by factors such as nutrient levels, aeration rates or temperature, and
thus is highly dynamic (Suresh Kumar et al., 2007). At the same time, soil structure formation is
a long-term process, which has been shown to be hardly affected by the dynamic changes in microbial
activity (Redmile-Gordon et al.,, 2020). Therefore, gaining a broader perspective on the bacterial
potential to shape the structure of soil via the production of adhesive polysaccharides requires

measuring parameters that are more stable than EPS and LPS content.

Aside from directly measuring the content of EPSs and LPSs, it is also possible to indirectly estimate the
production rates of these compounds by evaluating the results of their activity. As adhesive
polysaccharides drive soil aggregation, the determination of stable aggregate fraction in soil is one of
the available indirect methods (Murer et al., 1993). We applied it to demonstrate for example that the
effects of different tillage types on aggregate stability depend on site-specific conditions (P3). Another
useful technique is CT, which allows to observe the three-dimensional structure of soil (Vogel et al.,
2010; Koéhne et al.,, 2011). Unfortunately, this method is most appropriate for visualizing strong
differences in soil aggregation, and thus its applications are limited. We used CT to prove that the
biocrusts grown in our microcosm experiment had the ability to aggregate soil (P1). These approaches
avoid the parameter stability issue of the direct measurements of adhesive polysaccharide content by
targeting properties that change over a longer time period. However, they inform only about the overall
soil aggregation without distinguishing between its drivers, and thus suffer from the same specificity

limitation as the direct measurement methods of EPS content.

An indirect approach of assessing the bacterial production of adhesive polysaccharides in environmental
samples that solves both the stability and specificity issues is metagenomics. In particular, shotgun
sequencing (SGS) of total DNA is a powerful tool that not only provides insights into microbial
community structure and functionality but also enables the linkage of specific functions to particular
taxa. Therefore, SGS allows to investigate functions performed only by a specified group of organisms,
as in the case of the current thesis — by bacteria. While this approach does not provide information on
the actual activity of bacteria in a given environment, it can be used to identify and quantify bacterial

genes and taxa that harbor them, and thus acquire information about the potential activity of bacterial
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communities (Thomas et al., 2012). Moreover, gene levels are relatively stable within bacterial
communities and, thus, allow for observing long-term changes in the bacterial potential to perform
specific functions. Metagenomics alone generates relative abundance data, which explains the
proportional importance of different taxa and genes within bacterial communities. Additionally,
absolute abundances can be estimated by coupling this technique with microbial quantity
measurements, such as microbial biomass carbon, in order to describe the potential significance of
bacterial taxa and genes for the ecosystem functioning (Zhang et al.,, 2017). For these reasons,
metagenomics is widely applied to better understand the functioning of bacterial communities and their
role in different habitats (Nayfach and Pollard, 2016), but it was not used before to acquire knowledge

on the bacterial production of adhesive polysaccharides.

However, the development of a novel analytical pipeline that targets a function not addressed
previously in metagenomic studies faces the challenge of selecting the right marker genes. One obstacle
is that adhesive bacterial polysaccharides, especially EPSs, are a very large and diverse group of
compounds, which is reflected by the high number and diversity of the genes involved in their
biosynthesis (Suresh Kumar et al., 2007; Schmid et al., 2015; Sengupta et al., 2018). Many of these genes
are species or even strain specific and would require very high sequencing depth to be detected, if they
were present in the sample at all, which disqualifies them as marker genes. Another obstacle is that
many genes related to the EPS and LPS biosynthesis, in particular the ones responsible for the initial
formation of precursor molecules, are involved not only in the production of EPSs and LPSs but also in
the metabolism of intracellular sugars (Suresh Kumar et al., 2007; Pereira et al., 2015; Putker et al.,
2015). For these reasons, we decided to analyze only those genes that were specific for the production
of adhesive bacterial polysaccharides, most of which were responsible for the assembly and transport of
our compounds of interest to the cell surface (in case of LPSs) or outside the cell (in case of EPSs) and

were additionally conserved enough to be detectable at the applied sequencing depth.

3.2 Important pathways of adhesive polysaccharide biosynthesis

While we looked for the genes related to EPS and LPS production in samples as diverse as various
agricultural soils, biocrusts as well as bulk soils from different initial ecosystems, we observed that the
proportions between the investigated genes remained rather stable in all of the analyzed source
materials (P1, P2, P3). Identified as the most or one of the most abundant amongst the investigated
genes in all of the processed samples were IptF and IptG of the LPS synthesis pathway, which encode for
the transmembrane proteins LptF and LptG of the LptB,FGCADE LPS export complex (Dong et al., 2017,

Owens et al., 2019). The majority of bacterial reads from each experiment performed in the scope of
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this thesis were assigned to phyla well-known for possessing LPSs, such as Proteobacteria,
Cyanobacteria, Acidobacteria, and Bacteroidetes (Lagier et al., 2012). Furthermore, LPS producers were
recently found in the Fimicutes phylum, whose members were previously considered as lacking LPSs
(Antunes et al., 2016; Poppleton et al., 2017). As LptF and LptG are essential for LPS translocation to the
outer membrane (Dong et al., 2017) and additionally highly conserved (Ruiz et al., 2008; Putker et al.,
2015), the relatively high abundance of the genes encoding them in our datasets was expected. In
comparison, the other investigated component of the LptB,FGCADE complex, LptC, is less conserved and
likely not even necessary for LPS biosynthesis. In fact, its supportive role in the LPS transport was
recently suggested after isolating LPS-producing mutants that lacked this protein (Benedet et al., 2016).
This explains why the corresponding gene, IptC, was detected in a very low number of copies across all

of the analyzed samples.

Another gene with a high relative abundance in our datasets was wza of the Wzx/Wzy-dependent EPS
synthesis pathway. This gene encodes for an outer membrane protein Wza, which acts as a channel
transporting many different EPSs across the outer membrane in a wide variety of bacterial taxa (Pereira
et al.,, 2013). Moreover, Wza contains a highly conserved polysaccharide export sequence domain
(Cuthbertson et al., 2009). This explains the relatively high abundance of the wza gene in the
metagenomic data. In fact, this gene showed comparable relative abundance to IptF and IptG in most of
the analyzed samples except for the bulk soils from initial ecosystems (P1). There, the majority of the
genes related to EPS synthesis had low abundance, especially compared with the biocrusts that
developed later on those bulk soils in the microcosm experiment. The increased relative abundance of
the genes involved in EPS production in the biocrusts compared with the bulk soils is in agreement with
the observed accumulation of dissolved organic carbon and increasing soil aggregation, all of which
point to an intensified formation of EPSs in our biocrusts. This result was expected, as the biocrusts
cultivated in the microcosm experiment were formed mainly of bacterial biofilms, for the development
of which EPSs are essential (Maunders and Welch, 2017). The only gene associated with EPS synthesis
that had higher relative abundance in the bulk soils (reached an intermediate level) compared with the
biocrusts was kpst of the ABC-dependent pathway. This gene was low abundant not only in the
biocrusts (P1) but in the investigated agricultural soils as well (P2, P3). The fact that it is related to the
formation of capsular polysaccharides, which help bacteria to survive in extreme environments, explains
its, on one hand, relatively intermediate abundance in the nutrient-depleted bulk soils from initial
ecosystems (P1), and, on the other hand, relatively low abundance in nutrient-rich biocrusts (P1) and

agricultural soils (P2, P3) (Rendueles et al., 2017).
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Aside from kpsE, the other genes that reached intermediate relative abundance were wcaB and wcaF of
the Wzx/Wzy-dependent EPS synthesis pathway, as well as wzt of the LPS synthesis pathway. The wcaB
and wcaF genes encode for the acetyltransferases WcaB and WcaF, which are involved in the formation
of colanic acid (Schmid et al., 2015). The production of this EPS, also known as M antigen, characterizes
bacteria of the family Enterobacteriaceae, including many human pathogens, although there is evidence
that colanic acid could be produced also by other Gammaproteobacteria (Schmid et al., 2015; Lépez et
al., 2017). This EPS protects bacteria from such stresses as osmotic shock, acidity, desiccation, phages,
extreme temperatures, destabilization of the outer membrane or oxidative stress (Kim et al., 2015;
Pando et al., 2017). Moreover, M antigen was show to be important, or even required, for the biofilm
formation in Escherichia coli and Salmonella (Danese et al., 2000; Ledeboer and Jones, 2005; Pando et
al.,, 2017; Zhang and Poh, 2018). As a result, this EPS and the genetic machinery responsible for its
production were extensively studied (Roca et al., 2015). Therefore, it is not surprising that a relatively
high number of reads in our datasets was annotated to wcaB and wcaF. At the same time, the lower
relative abundance of these genes compared with wza, which also participates in the production of
colanic acid (as this EPS is synthesized via the Wzx/Wzy-dependent pathway), is in line with the product
specificity of WcaB and WcaF as opposed to the universality of Wza. Similarly, the relatively high
abundance of wzt, which encodes for the O-antigen ABC transporter ATP-binding protein Wzt, is not
surprising. This protein participates in the processing of O-antigen polysaccharide, which is an optional
component of LPS (Whitfield and Trent, 2014; DebRoy et al., 2016). The lower relative abundance of wzt
compared with IptF and IptG is, thus, in agreement with the non-essentiality of O-antigen for LPS
maturation as well as the fact that Wzt is involved in just one of the two main O-antigen formation
pathways (the ABC transporter-dependent pathway as opposed to the Wzx/Wzy-dependent pathway
(Greenfield and Whitfield, 2012).

The genes with the lowest relative abundance in our metagenomic datasets were algE, algJ, epsA, epsG,
sacB, and wcaK/amsJ. As EPS synthesis pathways are often poorly conserved and specific only for single
species or strains (Skorupska et al., 2006; Pereira et al., 2013; Schmid et al., 2015), the low relative
abundance of some genes participating even in the formation of widely distributed EPSs, like in the case
of wcaK/amsJ involved in colanic acid/amylovoran production, can be expected. The small presence of
the genes related to EPSs synthesized only by a small group of bacteria in a diverse community is also
natural. Alginate, in the formation of which participate algE and algJ, is characteristic for selected
members of the genera Azotobacter and Pseudomonas (Hay et al., 2014). These genera are composed of
many plant growth-promoting endophytes and rhizobacteria (Preston, 2004; Kandel et al., 2017), which
was likely the reason why they were poorly represented in samples of bacterial biocrusts (P1) and bulk

soils (P1, P2, P3). This explains the low relative abundance of the genes responsible for alginate
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biosynthesis in our datasets. Similarly, the low relative abundance of sacB, epsA and epsG, which are
involved in the formation of levan and other EPSs produced by Gram-positive bacteria (Wu et al., 2014;
Schmid et al., 2015), is in line with the low proportion of typical Gram-positive to Gram-negative phyla in
our samples (P1, P2, P3). However, even lowly abundant genes can play an important role, as the yield
of a gene product depends not only on the abundance of the gene but also on its expression level

(Abram, 2015).

3.3 Relation between the bacterial potential to produce EPSs and LPSs and soil
aggregation

Aside from maintaining rather stable proportions between each other, the genes related to the
biosynthesis of EPSs and LPSs displayed also remarkable stability in their relative abundance. As
mentioned before, we found differences in the relative abundance of these genes mostly between initial
soils and biocrusts grown on them in the microcosm experiment (P1). There, the increased relative
abundance of the EPS and LPS genes in the biocrusts compared with the bulk soils was accompanied by
improved soil aggregation, which suggests that soil aggregation could be influenced by the relative
abundance of the genes involved in EPS and LPS production. However, little differences in the relative
abundance of these genes were observed in the agricultural experiment comprising three field trials
(P3), where the examined sites differed significantly in aggregate stability. This indicates that the relative
abundance of the genes related to the biosynthesis of EPS and LPS is not the sole parameter shaping soil
aggregation. Such result was expected, as it is known that the bacterial production of adhesive
polysaccharides is not the only mechanism driving soil aggregation, and it does not contradict the
hypothesis that the relative abundance of the EPS and LPS genes is important for soil aggregation. Yet
the results of our experiments imply that another parameter related to the bacterial production of
adhesive polysaccharides could be as or even more essential, namely the absolute abundance of the

genes involved in EPS and LPS biosynthesis.

In the microcosm experiment, the aggregation of soil particles by bacterial biofilms was observed for all
of our biocrusts. However, half of the biocrusts were thicker and more coherent than the rest. The
thicker biocrusts were composed mostly of Cyanobacteria, whereas Acidobacteria and Chloroflexi were
characteristic for the thinner biocrusts. Cyanobacteria are well-recognized for their ability to produce
large amounts of polysaccharides, which they use e.g. for gliding movement and protection from
extreme environmental conditions, and they synthesize LPSs as well (Rossi and De Philippis, 2015). They
have been also repeatedly shown to improve aggregate stability and prevent soil erosion (de Caire et al.,

1997; Kheirfam et al., 2017a; Kheirfam et al., 2017b; Rossi et al.,, 2017; Mugnai et al., 2018). Less
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information is available on polysaccharide formation in Chloroflexi and Acidobacteria, although the
latter phylum is known to produce LPSs (Lagier et al., 2012), and a recent report shows that some of its
members might have the capability to synthesize large quantities of EPSs (Kielak et al., 2017). Therefore,
both types of biocrusts in our experiment were composed of taxa potentially able to produce high
amounts of adhesive polysaccharides. However, while Cyanobacteria grow relatively fast, with some
strains capable of growth rates comparable to industrial yeasts, Acidobacteria and Chloroflexi are slow-
growers (Davis et al., 2010; Yu et al., 2015). Therefore, as all of the biocrusts in our experiment were
cultivated in the same conditions (except for the underlying substrate) for the same amount of time, the
development of the cyanobacterial biocrusts was faster (which we confirmed by visual observation), and
consequently, these biocrusts likely had higher biomass than the biocrusts with higher proportion of
Acidobacteria and Chloroflexi. This would mean that despite the similarity in the relative abundance of
the EPS and LPS genes, the absolute abundance of these genes was higher in the
cyanobacteria-dominated biocrusts compared with the others. Higher absolute abundance of genes
responsible for the production of specific compounds potentially translates to higher yields of these
compounds (Subramaniam et al., 2018), and thus we hypothesized that the difference in the stability of
our biocrusts resulted from the difference in the absolute abundance of the genes involved in the
production of adhesive polysaccharides. While we were unable to immediately confirm this hypothesis
due to the lack of biomass measurements that would support our visual observations of biocrust
development, these measurements were included in our later experiment based on three agricultural

trials (P3), providing us with proof to our assumption.

In the agricultural experiment involving three field trials (P3), the highest aggregate stability was found
at the site with the highest microbial biomass, whereas the lowest aggregate stability characterized the
site that had the lowest microbial biomass. Microbial communities at the investigated sites consisted
mostly of bacteria, and thus we used microbial biomass values as a reference to estimate the absolute
abundance of the genes related to EPS and LPS biosynthesis. As the relative abundance of most of the
analyzed genes showed little differences between the sites, the absolute abundance of these genes
followed the same trends as microbial biomass, and thus we observed that increased absolute
abundance of the genes involved in the production of adhesive polysaccharides was connected to
improved aggregate stability. However, the absolute abundance of the EPS and LPS genes was not the
only parameter that could explain the variability in aggregate stability observed between the sites in our
experiment. In particular, soil texture and soil organic carbon content seemed to affect aggregate
stability as well. Specifically, the site with the highest aggregate stability had the highest clay and organic
carbon content, whereas at the site where aggregate stability was the lowest, also the lowest clay and

organic carbon contents were found. As clay particles and organic carbon are amongst the most
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important binding agents for soil aggregation (Bronick and Lal, 2005; Weil and Brady, 2017; Totsche et
al., 2018), this result was not surprising. Nevertheless, soil texture and organic carbon content could not
explain all of the variability in aggregate stability detected in our experiment, as differences in this soil
parameter were found not only between sites but also between tillage treatments. Similarly to other
studies that report more stable aggregates under RT compared with CT (Jacobs et al., 2009; Mikha et al.,
2013; Bartlova et al., 2015; Sheehy et al., 2015; Singh et al., 2016), we observed this trend at one of our
sites. This was correlated with neither clay nor organic carbon content, as soil texture was not affected
by tillage intensity at either site, and organic carbon content was higher under less intensive tillage at all
of the three sites. Conversely, the highest number of the analyzed genes whose absolute abundance
was influenced by tillage system was detected at the site where aggregate stability was impacted by
tillage as well. Furthermore, all of the genes affected by tillage at that site had higher absolute
abundance under RT compared with CT. This showed that the absolute abundance of genes related to
the production of adhesive polysaccharides is a better predictor of aggregate stability than soil texture

and organic carbon content alone.

The question remains why the absolute abundance of EPS and LPS genes reacted to tillage intensity only
at one of the investigated agricultural sites. One possible explanation is trial duration, as it was shown
before that the effects of tillage on soil parameters build up over time (Stockfisch et al., 1999; Grandy et
al., 2006), and the trial where we detected tillage effects was the oldest one of the three. The fact that
pH was yet another parameter that differed under CT and RT at that trial but not others supports that
theory. Otherwise, the impact of tillage intensity on soil bacteria could be modulated by site
characteristics. In that case, the parameter important for defining the interaction between tillage
treatment and bacterial communities in soil could be soil texture, as the size of soil particles influences
their susceptibility to be aggregated together not only by physicochemical forces but also by organic
agents such as EPSs and LPSs (Bronick and Lal, 2005; Weil and Brady, 2017; Totsche et al., 2018).
Therefore, the intensity of both RT and CT could be insufficient to disturb bacteria living inside soil
aggregates stabilized by high clay content, whereas in sandy soils, where the aggregation is hindered by
the lack of small building particles, even smallest disturbance could be enough to influence aggregate
communities. In the end, the difference between the level of disturbance caused by CT and RT could
matter only in soils with balanced content of big and small particles. This theory is supported by the fact
that the site where the absolute abundance of the EPS and LPS genes was most affected had the most

balanced content of clay, silt and sand, whereas at the other sites, either clay or sand dominated.

However, as three trials with multiple varying parameters are too small sample to make any definite

conclusions on the interactions between soil bacteria, tillage and environmental factors, further
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research needs to build on our findings if the full understanding of the complexities of soil aggregation is
to be obtained. In order to reach this goal, future analyses should also include other soil biota, as
bacteria are not the only organisms capable of producing gluing agents. In agricultural soils, especially
fungi could be of high importance, as previous studies showed that improved soil aggregation under less
intense tillage corresponded to increased fungal biomass and glomalin production (Beare et al., 1997;
Wright et al., 1999; Cookson et al., 2008; Dai et al., 2015; Lu et al., 2018). Unfortunately, as we used a
metagenomic approach to analyze bacterial communities of potential polysaccharide producers to
counter the methodological issues of directly measuring EPS and LPS concentrations in soil, investigating
fungi involved in soil aggregation suffers from the opposite problem. While the methods of measuring
glomalin content in soil are relatively well-established (Wright et al., 1999; Rillig et al., 2002; Borie et al.,
2006; Bedini et al., 2009; Hammer and Rillig, 2011; Dai et al., 2015; Wang et al., 2017), the sequence
databases are still biased towards bacteria and, thus, lack gene sequences specific for the biosynthesis
of eukaryotic gluing agents in general, although efforts have been recently made to identify the glomalin
gene in different species of arbuscular mycorrhizal fungi (Magurno et al., 2019). Furthermore, the
analysis of eukaryotes by means of short-read sequencing is problematic due to the high number of
intronic sequences possessed by these organisms. In addition, while glomalin is the most prominent
gluing agent synthesized by fungi, these eukaryotes are also able to release polysaccharides, which not
only have similar gluing properties to bacterial EPSs and LPSs, but directly measuring their contents in
soil entails the same methodological disadvantages. Therefore, future work needs to be aimed at
overcoming these obstacles if a single analytical approach encompassing all biota with the ability to
produce soil-aggregating compounds is to be developed. Nevertheless, our findings indicate that while
the relative abundance of the genes involved in the production of bacterial polysaccharides could
influence aggregate stability, the absolute abundance of these genes is more likely to shape this soil
parameter, as it is more prone to be affected by environmental factors compared with the highly stable

relative abundance of the EPS and LPS genes.

3.4 Factors shaping the community composition of bacterial polysaccharides

producers

High variability applied not only to the absolute abundance of the genes related to EPS and LPS
biosynthesis but to the taxa harboring them as well. This shows that the production of adhesive
polysaccharides is not always performed by the same group of bacteria (like oxygenic photosynthesis
found only in Cyanobacteria (Martiny et al., 2015)). Instead, the community composition of

polysaccharide producers seems to be shaped by a wide variety of environmental factors. While many
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researchers made efforts to build a better understanding of the influence of different factors on the
structure of bacterial communities, their findings and the relative importance of the different factors for
shaping the community composition of bacteria were comprehensively reviewed by Fierer (2017). We

managed to observe the possible effects of several of those factors in our work as well.

According to Fierer (2017), the major factor determining the composition of bacterial communities is
pH. We saw the possible influence of this factor in our microcosm experiment (P1). There, bacterial
communities present in the bulk soils from two initial ecosystems were highly similar and underwent
differentiation during the development of biocrusts. As mentioned before, the major potential
producers of adhesive polysaccharides in the developed biocrusts were Cyanobacteria, Chloroflexi and
Acidobacteria. All the three bacterial groups are commonly found in biocrusts as well as other
communities that embed themselves in EPS matrix (e.g. biofilms, microbial mats) (Mogul et al., 2017;
Prieto-Barajas et al.,, 2017, Rampadarath et al.,, 2017). Therefore, their dominance within the
communities of potential polysaccharide producers in the biocrusts grown in our microcosm experiment
was not surprising. However, these phyla showed strong preferences towards the two soil substrates
used in our study, and those differed significantly in pH. Cyanobacteria prevailed in the biocrusts
developed on the soil substrate with slightly alkaline pH (~7.3). The other soil substrate had rather acidic
pH (~5.4), and the biocrusts grown on it were characterized by the high proportion of Acidobacteria and
Chloroflexi instead. Incidentally, Cyanobacteria prefer alkaline habitats (Belnap and Lange, 2003),
whereas the other two groups favor acidic environments (Jones et al., 2009; Lauber et al., 2009; Wilhelm
et al., 2011; Santofimia et al., 2013; Jones et al., 2017). This correlation between the abundance of the
aforementioned phyla and the pH of the soil substrates used for cultivating the biocrusts suggests that
pH could be a major factor shaping not only the overall structure of bacterial communities but also the
community composition of bacterial EPS and LPS producers. However, it needs to be taken into
consideration that the biocrusts in our experiment developed from indigenous communities of the bulk
soils. Therefore, the observed differentiation of bacterial communities could have been caused as well
by rare species that had too low abundance to be detectable in the bulk soils but started dominating
during the development of the biocrusts. Furthermore, different pH of the soil substrates suggests that
some of their other parameters (e.g. micronutrient availability) differed as well (Lammel et al., 2018),
and those could have been the main drivers shaping the community structure of potential
polysaccharide producers instead. The proposed influence of pH would, thus, have to be confirmed by

further experiments.

The microcosm experiment (P1) helped to identify also nutrient availability as another potentially

important factor influencing the community composition of polysaccharide producers. In this
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experiment, even though we observed the above-described differentiation of biocrust communities that
was possibly driven by pH, the initial communities of the bulk soils remained highly similar despite the
different parameters of the soil substrates. However, the initial soil substrates used for cultivating the
biocrusts had in common very low concentrations of carbon and nitrogen. It is likely that these could
have selected bacteria adapted to habitats with limited nutritional opportunities. Fierer (2017) also
postulated that the availability of nutrients such as carbon and nitrogen is, after pH, one of the factors
that have the strongest impact on the structure of bacterial communities. This is in line with the fact
that the families of potential polysaccharide producers with the highest relative abundance in the bulk
soils used in our microcosm experiment were Burkholderiaceae, Comamonadaceae, Moraxellaceae and
Flavobacteriaceae. The metabolic versatility and ability of the members of these groups to degrade
a wide range of compounds enables them to survive even in such nutrient-restricted environments as
crude oil, desert soil, glacier ice or distilled water (Coenye, 2014; McBride, 2014; Teixeira and Merquior,
2014; Willems, 2014). In contrast, the diversity of potential polysaccharide producers increased in the
biocrusts as did the carbon and nitrogen availability. Aside from the microcosm experiment, we
observed that the communities of potential polysaccharide producers changed over the course of the
reclamation of a post-mining area, where nutrient availability improved with time as well (P4). In the
initial stage of the reclamation process, the communities of potential producers of EPSs and LPSs were
dominated by typical colonizers of oligotrophic environments, which were replaced by bacteria
characteristic for agricultural soils in the later agricultural phase of the reclamation. This shows that
good availability of nutrients favors the establishment of diverse communities of polysaccharide
producers, which is in line with the high dependency of polysaccharide production on sufficient nutrient
supply. More evidence that nutrient availability is a major factor shaping the community structure of
potential polysaccharide producers can be found in our second agricultural experiment (P3). One of the
two families with the highest relative abundance of the genes involved in EPS and LPS formation
discovered when comparing potential polysaccharide producers from three agricultural field trials in
Switzerland, Slovenia and Poland was Sphingomonadaceae. This finding was not surprising, as the
members of this group are well-known for the production of EPSs called sphingans (Glaeser and
Kampfer, 2014), and they have been previously shown to improve aggregate stability (Caesar-TonThat et
al., 2007). They are also frequently isolated from soils and plant rhizosphere (Glaeser and Kampfer,
2014), which is in agreement with their high relative abundance in our samples of agricultural soils.
However, even though Sphingomonadaceae were a major family at all the three investigated trials, this
group was most characteristic for the site where carbon and nitrogen availability was the lowest, which

could be explained by the oligotrophic traits that this family has (Glaeser and Kampfer, 2014).
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The other family with the highest relative abundance of the genes related to EPS and LPS synthesis
amongst the potential polysaccharide producers from the three agricultural field trials that we
compared (P3) was Bradyrhizobiaceae. Its members are commonly found in soils, often in close
association with plant roots (de Souza et al., 2014), and some of them establish symbiotic relationships
with plants such as lupine (Reeve et al., 2013; de Souza et al., 2014). For this process, EPSs and LPSs have
been previously shown to be essential (Quelas et al., 2010). Symbiotic Bradyrhizobiaceae use these
compounds also for forming biofilms in order to survive in the absence of their hosts (Seneviratne and
Jayasinghearachchi, 2005). Therefore, the high relative abundance and potential of Bradyrhizobiaceae to
produce adhesive polysaccharides in our samples of agricultural soils was expected. However, this group
was especially prevalent at the site where lupine was growing during the time of sampling. This is in
agreement with Fierer’s (2017) observation that some bacterial groups preferentially associate with
certain plant species, although the importance of plant species as a factor shaping bacterial
communities is not as high as of pH or nutrient availability. The example of Bradyrhizobiaceae in our
study shows that plant species could be yet another factor that influences not only the overall structure

of bacterial communities but also the community composition of potential polysaccharide producers.

Aside from Sphingomonadaceae and Bradyrhizobiaceae, other potential producers of EPSs and LPSs
differed in their relative abundance between the three analyzed agricultural sites as well (P3). However,
identifying which exact factors drove those differences is difficult. That is because the sites differed not
only in nutrient availability and the identity of plant species cultivated there at the time of sampling but
also other factors. One of the factors that differed significantly between the sites and was also listed by
Fierer (2017) as important for shaping bacterial communities was soil texture. As described before, the
texture varied between the sites from sandy through silty to clayish, and this variation could help
explain some of the observed bacterial responses. For example, according to a recent report
(Hemkemeyer et al., 2018), Alphaproteobacteria prefer sand particle fraction, which incidentally
dominates at our site with growing lupine. As Bradyrhizobiaceae belong to Alphaproteobacteria, for
their dominance at that site might have thus been responsible not only the presence of lupine but also
soil texture. Therefore, similarly to the absolute abundance of the EPS and LPS genes, explaining what is
the contribution of different factors to shaping the community structure of potential producers of

adhesive polysaccharides is not always straightforward, as several factors can have similar effect.

Another factor that demonstrates the difficulty of interpreting bacterial responses is depth. When we
compared potential producers of EPSs and LPSs in agricultural soils at three different depths in our first
agricultural experiment (P2), we found that depth as a factor had a strong impact on the relative

abundance of these microorganisms. Strong responses of bacterial taxa to this factor were found
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especially amongst the major potential polysaccharide producers in that study, such as
Chitinophagaceae and Nitrospiraceae. The ability to produce large amounts of adhesive polysaccharides
was previously described in those families (Daims, 2014; Oh et al., 2019; Wang et al., 2019), and they
were found to be potentially important EPS and LPS producers during the agricultural management
phase of the reclamation of the post-mining site that we investigated as well (P4). In our agricultural
study (P2), Chitinophagaceae had the highest relative abundance in the top soil layers, whereas
Nitrospiraceae prevailed in the lowest sampled soil layer. The impact of depth on these taxa was not
surprising, as different soil layers are known to be characterized by distinct conditions that select only
the best-adapted bacteria (Fierer et al., 2003; Griffiths et al., 2003; Uksa et al., 2015). Specifically,
nutrient concentrations already discussed above, but also oxygen levels considered by Fierer (2017) as
an important factor in shaping bacterial communities as well, generally decrease down the soil profile.
This is in line with the fact that most members of Chitinophagaceae are aerobic heterotrophs
(Rosenberg, 2014; Oh et al., 2019), whereas Nitrospiraceae are a diverse group that consists of both
heterotrophs and autotrophs as well as aerobes and anaerobes (Daims, 2014). Consequently, although
depth clearly had an impact on the community composition of potential EPS and LPS producers in our
study, understanding the mechanism of its influence is difficult, as this factor is a resultant of other

variables interacting with each other.

Furthermore, the depth factor in our study (P2) was not linked only to the oxygen and nutrient gradients
but also the level of exposure to agricultural practices, especially tillage. Tillage is another complex
factor, which encompasses changes in physical and chemical parameters along the soil profile as well as
regular disturbances to microbial habitats. In our study, the upper sampled soil layers were directly
exposed to tillage, whereas the lowest layer was below the tillage horizon. The dominance of
Chitinophagaceae in the top soil layers might have been, thus, connected as well to the ability of some
members of this family to form microcysts that could protect them from the disturbance introduced by
tillage (Feng et al., 2019) or to their ability to degrade cellulose, which should be more readily available
closer to the soil surface (Rosenberg, 2014). Nitrospiraceae, on the other hand, consist of some
specialized slow-growing bacteria that could possibly thrive better beyond the reach of disturbance
caused by tillage (Mundinger et al., 2019). Therefore, the effects of depth observed in that study could

be as well attributed to tillage, as these two factors were closely interconnected.

In the follow-up study comprising the three agricultural field trials in Switzerland, Slovenia and Poland
(P3), we demonstrated that some effects of tillage can be observed independently of depth as well.
There, as mentioned before, the relative abundance of most potential polysaccharide producers differed

between the trials, which could be explained by the differences in site conditions such as nutrient
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availability, plant species or soil texture. However, the relative abundance of some taxa in that study
differed between the tillage intensities as well, and in some cases these responses were identical at all
the three trials, which shows that the difference in tillage intensity can be important for shaping the
community structure of potential polysaccharide producers regardless of site-specific conditions. All the
families of potential polysaccharides producers that showed a consistent response to tillage intensity at
all the investigated sites belonged to Actinobacteria and had higher relative abundance under RT
compared with CT. Actinobacteria are one of the most common and abundant bacterial phyla in soil,
likely due to the protection provided by EPSs produced by some of its members in large quantities
(Kielak et al., 2017). They were second most abundant phylum, after Proteobacteria, in all our
agricultural soil samples as well. The actinobacterial families affected by tillage (except for
Glycomycetaceae) were also found amongst the communities of the potential polysaccharide producers
from the biocrusts cultivated in the microcosm experiment (P1). Actinobacterial EPSs have been recently
gaining a lot of interest, as they have not only important ecological functions but also potential
applications in industry and human health, including cancer treatment (Kielak et al., 2017; Selim et al.,
2018). The negative impact of intensive tillage on this bacterial group could have resulted from the
formation of filaments by its members (Rosenberg et al., 2014), which might be sensitive to disturbance
similarly to fungal hyphae (Beare et al., 1997; Wright et al., 1999; Borie et al., 2006; Wang et al., 2010;
Kihara et al., 2012; Lu et al., 2018). Furthermore, we discovered more taxa influenced by tillage intensity
when analyzing the three trials separately (P3). Specifically, some families had different potential to
produce EPSs and LPSs under CT and RT but only at one or two of the investigated sites. Moreover, the
responses of the families whose potential to synthesize adhesive polysaccharides was affected by tillage
intensity at two sites were inconsistent. For example, the relative abundance of Oxalobacteraceae was
higher under CT at one of the investigated sites but under RT at another. There is little information
available on the production of adhesive polysaccharides by Oxalobacteraceae (Hiraishi et al., 1997),
although this family is ubiquitous in soils, and some of its members found application in agriculture as
plant growth-promoting agents (Baldani et al., 2014). This shows that while some effects of tillage
intensity are consistent across different trials, others depend on site-specific conditions. The example of
Oxalobacteraceae underlines also the necessity of metagenomic studies, which can help identify groups

potentially important for soil aggregation that require closer investigation in laboratory studies.
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3.5 Functional redundancy of EPS and LPS biosynthesis, and what it could mean for

ecosystem services

Regardless of which factors were responsible for the differences in the community structure of potential
polysaccharide producers across the different samples, it was surprising that these differences were not
reflected more by the relative abundances of the genes involved in EPS and LPS synthesis. As mentioned
before, most differences in the relative abundance of these genes were found between initial soils and
biocrusts grown on them in the microcosm experiment (P1). However, while the changes in the
potential to produce adhesive polysaccharides that occurred during the development of those biocrusts
coincided with the shifts in the community composition of potential EPS and LPS producers, they
seemed to be linked more to the sample type (biocrust vs. initial soil) rather than the community
structure of the potential producers of adhesive polysaccharides. This is supported by the fact that the
biocrusts in our experiment displayed comparable potential for EPS and LPS synthesis despite differing
in the community composition of potential polysaccharide producers. Moreover, little differences in the
relative abundance of the genes related to EPS and LPS production were observed between the samples
of agricultural soils from three different trials even though the communities of the potential producers
of adhesive polysaccharides in those samples differed in their structure (P3). We additionally observed
that while the communities of potential polysaccharide producers changed over the course of the
reclamation of the investigated post-mining area, the relative abundance of the genes involved in EPS
and LPS synthesis in those communities remained constant (P4). These findings were unexpected
because it has been repeatedly shown before that the functioning of bacterial communities strongly
depends on their taxonomic composition (Langenheder et al., 2006; Strickland et al., 2009; Reed and

Martiny, 2013; Logue et al., 2016).

However, other studies have demonstrated that the functional structure of different bacterial
communities may be alike despite taxonomic differences between them if the communities inhabit
similar habitats (Louca et al., 2018). These observations are consistent with the theory of functional
redundancy, according to which important functions are conserved within bacterial communities even
when their members change (Allison and Martiny, 2008). Similar conclusions were drawn by Fondi et al.
(2016), who postulated that the functional composition of bacterial communities depends primarily on
their broad ecological niches, e.g. sea or fresh water, soil, host and airborne. Therefore, the little
difference in the relative abundance of the genes related to EPS and LPS formation observed in our
experiments (P1, P3, P4) despite the high taxonomic variability of the potential polysaccharide
producers could be explained if the potential to produce adhesive polysaccharides was an important

trait for bacteria inhabiting agricultural soils and biocrusts from initial ecosystems. The promotion of the
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bacterial potential to produce adhesive polysaccharides in these environments is especially probable, as
many of EPSs’ and LPSs’ properties could increase the ecological fitness of bacteria living in these
habitats, and most taxa detected in our samples of biocrusts and agricultural soils harbored the genes
involved in the synthesis of these compounds. Finally, this hypothesis is supported by the lower number
and relative abundance of potential polysaccharide producers coupled with the lower potential to form
EPSs and LPSs in the initial soils from our microcosm experiment (P1) compared with both biocrust and

agricultural soil samples.

However, even if the relative abundance of the genes related to the formation of adhesive
polysaccharides remained mostly stable between samples, the bacterial ability to aggregate soil could
differ anyway due to the great taxonomic variability of potential polysaccharide producers. That is
because the properties of bacterial polysaccharides strongly depend on their structure, and even slight
changes may result in considerably different parameters (Suresh Kumar et al., 2007). The structure of
bacterial polysaccharides can differ between two strains of the same species and varies even more
greatly between higher taxonomic levels (Sutherland and Thomson, 1975; Celik et al., 2008). Therefore,
it is likely that polysaccharides produced by different taxa have also different aggregating properties.
Moreover, gene induction and transcription pathways may differ between polysaccharide producers as
well. It was shown before that homologous genes can be differentially expressed even in two strains
belonging to the same species (Vital et al.,, 2015; Haryono et al., 2019). There, the differentially
expressed functions included stress defense and carbohydrate metabolism. Therefore, it is probable
that the genes related to EPS and LPS formation also have various expression patterns in different taxa.
Lastly, as discussed before, the ecology of different bacterial species might influence the absolute
abundance of the EPS and LPS genes, which we identified as a potentially important parameter for soil
aggregation. Regardless of the mechanism, it can be expected that different polysaccharide producers
differ in their soil aggregation capabilities. This is in line with the observation that the effect of pure
bacterial cultures on soil aggregation depends on the bacterial species (Costa et al., 2018). In the end,
the more different the composition of two bacterial communities is, the more likely the adhesive
polysaccharide mixtures produced by them are to have different aggregating efficiency. Our
experiments show that this could be important for evaluating the capacity to aggregate soil by bacterial
communities from habitats with different environmental conditions, as those are most likely to differ in

the composition of their polysaccharide producers.
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4 Conclusions and outlook

The metagenomic pipeline that we established allowed us to investigate the bacterial potential to
influence soil structure without the biases associated with traditional laboratory methodologies. Using
this approach, we identified the key genes of EPS and LPS production. Amongst the most abundant ones
were wza, IptF and IptG, encoding for the EPS export outer membrane protein Wza and the
transmembrane proteins LptF and LptG of the LptB2FGCADE LPS export complex. We found that the
relative abundance of the genes related to the synthesis of adhesive polysaccharides can differ between
sample types (e.g. biocrust vs. initial bulk soil), and the increased relative abundance of the EPS and LPS
genes is accompanied in those cases by improved soil aggregation. Amongst samples of the same type,
the relative abundance of the genes involved in polysaccharide production remains constant, and
differences in aggregate stability can be driven either by different taxonomic composition of the
communities of potential polysaccharide producers or differences in the absolute abundance of the
genes involved in EPS and LPS biosynthesis. We discovered that the taxa harboring the EPS and LPS
genes are highly diverse even in samples of the same type, and their number and community
composition changes in response to a variety of different factors. Amongst those factors are pH,
nutrient availability, soil texture and tillage. While low nutrient content seems to be the most important
factor limiting the number and diversity of the potential producers of EPSs and LPSs, in the habitats
where nutrient availability does not limit bacterial growth and functioning, other factors seem to play
a more important role in shaping the communities of potential polysaccharide producers. We proposed
the mechanisms of the observed responses of the potential producers of adhesive polysaccharide to
these factors, but confirming them would require further investigation. That is because identifying with
certainty connections between bacterial responses and environmental factors that caused them in
multivariate studies such as ours is difficult, if not impossible, especially when those factors have similar
effects or interact with each other. Therefore, future work should focus on explaining the complexities
of the influences of the discussed factors. This could be accomplished in small-scale experiments by
minimizing the number of varying factors and using the same initial communities or single isolates.
Several key groups of potential polysaccharide producers that could be of interest for this purpose were
proposed in our work. These include phyla such as Cyanobacteria, Acidobacteria, Chloroflexi and
Actinobacteria, as well as families such as Burkholderiaceae, Comamonadaceae, Moraxellaceae,
Flavobacteriaceae, Sphingomonadaceae, Bradyrhizobiaceae, Chitinophagaceae, Nitrospiraceae and
Oxalobacteraceae. Not only the susceptibility of the potential producers of EPSs and LPSs to different
factors should be measured, but the adhesive properties of polysaccharides produced by them under
different conditions should be assessed as well. Experiments on a larger scale should take a form of

meta-studies, which would allow for performing proper multivariate analyses. Further investigation of

56



other habitats aside from agricultural soils and biocrusts would also help explaining if the promotion of
the potential to produce adhesive polysaccharides observed in our experiments applies to soils in
general as well as to other environments. In addition, changing the sampling strategy taking into
account the fast turnover of mRNA would allow to investigate if the expected differences in gene
expression patterns of different communities are affected primarily by fluctuations of different factors,
and if they could have lasting long-term effects on soil aggregation. Finally, further effort should be
made to develop a single approach to analyze gluing agents of different origins (bacterial, fungal, etc.).
This would allow for true meta-studies encompassing all organisms involved in soil aggregation and
bring us much closer to reaching the full understanding of the complexities of this essential process.
However, while a lot of work is still required to accomplish this research goal, our findings could be used
for the benefit of world soils even now. Specifically, educating agricultural practitioners on the influence
of different tillage intensities on the bacterial population that improves soil structure could help
boosting the awareness of the causal link between intensive tillage and soil erosion and speed up the
transition to more sustainable agricultural practices. Moreover, the knowledge of the taxa potentially
capable of producing high amounts of adhesive polysaccharides could be used not only for designing
more targeted isolation strategies of new strains with scientific and industrial value but also developing
bioinocula that would improve the capacity of the autochthonous microflora to stabilize soil structure.
Such measures might act as a mitigation to the damage caused by erosion while further research will
build on our findings to detangle the complexities of polysaccharide-producing bacterial communities

and factors affecting them.
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Abstract

Biological soil crusts (biocrusts) play an important role in improving soil stability and resistance to erosion by
promoting aggregation of soil particles. During initial development, biocrusts are dominated by bacteria. Some
bacterial members of the biocrusts can contribute to the formation of soil aggregates by producing
exopolysaccharides and lipopolysaccharides that act as “glue” for soil particles. However, little is known about
the dynamics of “soil glue” producers during the initial development of biocrusts. We hypothesized that different
types of initial biocrusts harbor distinct producers of adhesive polysaccharides. To investigate this, we performed a
microcosm experiment, cultivating biocrusts on two soil substrates. High-throughput shotgun sequencing was used to
obtain metagenomic information on microbiomes of bulk soils from the beginning of the experiment, and biocrusts
sampled after 4 and 10 months of incubation. We discovered that the relative abundance of genes involved in the
biosynthesis of exopolysaccharides and lipopolysaccharides increased in biocrusts compared with bulk soils. At the
same time, communities of potential “soil glue” producers that were highly similar in bulk soils underwent differ-
entiation once biocrusts started to develop. In the bulk soils, the investigated genes were harbored mainly by
Betaproteobacteria, whereas in the biocrusts, the major potential producers of adhesive polysaccharides were, aside
from Alphaproteobacteria, either Cyanobacteria or Chlorofiexi and Acidobacteria. Overall, our results indicate that
the potential to form exopolysaccharides and lipopolysaccharides is an important bacterial trait for initial biocrusts
and is maintained despite the shifts in bacterial community composition during biocrust development.
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Introduction

Biological soil crusts (biocrusts) are important biotic compo-
nents of many terrestrial ecosystems [1, 2]. They consist of
highly specialized and complex communities of algae,
mosses, lichens, fungi, cyanobacteria, and other prokaryotes
[3]. These organisms live in a close association with soil par-
ticles, forming a coherent layer within the uppermost few
millimeters of the topsoil, or directly on the soil surface [1].
An important structural element of biocrusts is the extracellu-
lar polymeric matrix (EPM) which is composed mostly of
polysaccharides and connects organisms and soil particles
[4]. EPM ensures biocrust integrity, provides protection from
external harmful agents, and alters moisture content as well as
nutrient availability [4]. EPM also fosters the stabilization of
soil aggregates and protects soils from erosion by wind or
water [5-8]. Among organisms forming biocrusts, the best-
studied producers of polysaccharides are cyanobacteria and
algae [1]. However, although not as thoroughly studied, also
non-photosynthetic microbial members of biocrusts, includ-
ing fungi, proteobacteria, and actinobacteria, are prominent
producers of these compounds [9-11].

The composition and chemical properties of polysaccha-
rides in EPM strongly depend on the community of organisms
forming biocrusts. For example, it has been demonstrated that
non-photosynthetic bacteria primarily produce simple poly-
saccharides, composed mainly of mannose, galactose, and
glucose [12], while cyanobacteria, algae, and fungi produce
more complex polysaccharides, which may contain high
amounts of non-neutral sugars [13—15]. As it was shown that
even slight differences in the sugar composition can result in
completely different physical traits of the polysaccharide [16],
the properties of EPM could be influenced by any factor that
changes the structure of polysaccharide-producing communi-
ties. It is known that the composition of organisms forming
biocrusts changes depending on (i) the developmental stage of
biocrusts [17-19], (ii) environmental factors like radiation,
humidity, elevation, and temperature [17-24], and (iii) edaph-
ic factors like soil pH, texture, and nutrient content [1, 17, 20,
21]. However, not all members of biocrusts have the ability to
produce polysaccharides, and little is known about the dynam-
ics of polysaccharide-producing organisms during the devel-
opment of different types of biocrusts.

In this respect, bacterial polysaccharides, specifically
exopolysaccharides (EPSs) and lipopolysaccharides (LPSs),
are of great interest, as cyanobacteria and non-phototrophic
bacteria form biocrusts in the initial stage of biocrust develop-
ment [25]. EPSs are either synthesized intracellularly and ex-
creted by one of three different pathways: the Wzy-dependent
pathway, the ABC transporter-dependent pathway, and the
synthase-dependent pathway, or synthesized extracellularly
[26, 27]. In contrast, parts of LPSs are initially synthesized
inside a cell, then ligated together at the inner membrane and
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transported to the cell surface as mature molecules [28, 29].
While LPSs are present in most Gram-negative bacteria [30],
EPSs are exuded by a wide range of taxa [16]. Among the
most-recognized producers of EPSs are cyanobacterial mem-
bers of Oscillatoria, Nostoc, Lyngbya, and Schizothrix, as well
as bacterial members of Microbacterium, Pseudomonas,
Bacillus, Paenibacillus, and Streptomyces [31]. These micro-
organisms are the first colonizers of bare soils, and their EPSs
as well as LPSs are considered as essential for the initial con-
solidation of soil particles and the preparation of conditions
for the establishment of cryptogamic surface cover in the later
stages of biocrust development [32]. Thus, a better under-
standing of the dynamics of polysaccharide-producing organ-
isms during the initial development of biocrusts requires more
in-depth knowledge on cyanobacteria and other bacteria that
initialize biocrust establishment [4].

Many researchers studied polysaccharide-producing bacte-
rial strains that were isolated from biocrusts at different stages
of development [33-36]. However, data on the community
dynamics of bacterial EPS and LPS producers under natural
conditions is missing. Thus, our aim was to investigate
polysaccharide-producing bacterial communities during the
initial stage of biocrust development. We assumed that the
relative abundance of genes related to EPS and LPS formation
would increase once biocrust development starts. Moreover,
we hypothesized that different types of initial biocrusts would
harbor different communities of potential EPS and LPS pro-
ducers. To test our hypotheses, we performed a microcosm
experiment cultivating biocrusts on two different soil sub-
strates. As the soil substrates came from sites with different
types of naturally occurring biocrusts, we expected that the
biocrusts cultivated in the microcosm experiment would also
consist of distinct microbial communities. To address our re-
search questions, we used a high-throughput shotgun se-
quencing of DNA extracted from bulk soils from the begin-
ning of the experiment, as well as initial biocrusts sampled
after 4 and 10 months of incubation. We employed a bioinfor-
matics pipeline described by Cania et al. [37], which targets
genes specific for EPS and LPS production, to obtain infor-
mation on bacteria potentially involved in the production of
adhesive polysaccharides.

Materials and Methods
Site Description

Soils for the incubation experiment were collected in 2011
from two sites at the initial stages of ecosystem development.
One was the artificial catchment Chicken Creek (51°36'18" N,
14°15'58"” E) and the other was an initial moving sand dune
close to Licberose (51°55'49" N, 14°2222" E). Both sites are
located in the state of Brandenburg in ecastern Germany,
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approximately 37 km apart. The climate of the region is tem-
perate continental with a mean air temperature of 8.9 °C and
mean rainfall of 569 mma ' [19].

The Chicken Creek catchment was constructed in 2005 in
an opencast mine near Cottbus by dumping and contouring
sand and loamy sand material originating from Pleistocene
sediments. Details on the construction works and site condi-
tions are given by Gerwin et al. [38] and Russell et al. [39].
After construction, no restoration was undertaken and the area
was allowed to undergo natural succession. Biocrust develop-
ment at the site was heterogeneous depending on the appear-
ance of vascular vegetation, which was still dynamic at the
time of sampling [40]. For the Lusatian post-mining sites, the
cyanobacterial species Microcoleus vaginatus, Nostoc spec.,
Phormidium spec., Schizothrix spec., and Tolypothrix spec.;
the green algal species Bracteacoccis minor, Chlorococcum
spec., Cvlindrocystis spec., Elliptochloris spec., Gloeocystis
spec., Klebsormidium, Chlorella spec., Zvgogonium spec.,
Ulothrix spec., and Haematococcus spec.; and the lichens
Placynthiella oligotropha and Cladonia subulata, as well as
the mosses Polytrichum piliferum and Ceratodon purpureus
were reported [18, 41, 42]. The Chicken Creek site heteroge-
neity was also reflected by high variability of moss coverages,
which were recorded on 107 vegetation monitoring plots each
having a size of 5 x 5 m?, which ranged from 0.1 to 95% with
a median coverage of 30 + 25% [40]. Terminal successional
stages of cryptogamic surface cover development could not be
identified, mainly due to biocrust extinction caused by vascu-
lar plant overgrowth.

The moving sand dune occurs near Lieberose as a result of
extensive disturbances of the land surface by former military
activities (until approximately 1992). The dune is composed
of Pleistocene aeolian sand. A detailed description of the site
is provided by Diimig et al. [43], and Fischer and Veste [19].
Depending on their position downslope an inland dune catena,
three stages of biocrust development could be identified. In
microdepressions and at the lee side of tussocks consisting of
Corynephorus canescens located in the center of the dune
slope, dominating sand grains were physically stabilized in
their contact zones by accumulated organic matter and by
few filamentous algae (biocrust stage one, surface coverage
20%) [44]. At surface patches of the lower dune slope, fila-
mentous algae enmeshed the sand grains and partially filled in
the soil pores (biocrust stage two, surface coverage 40%) [44].
Biocrust stage three was characterized by full cover with fila-
mentous and coccoid algae, and by few mosses, the latter
covering less than 5% of the surface. The dominating green
algal and moss species were Zygogonium ericetorum and
Polytrichum piliferum, respectively [45]. Cyanobacteria were
a minor component within the Zygogonium crust, which did
not form individual patches, whereas lichens could not be
observed at the sampling site. The terminal successional stage
of cryptogamic surface cover development, which was found
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in the vicinity of a less disturbed neighboring Scots pine forest
(distance to the sampling site of around 500 m), was charac-
terized by co-appearance of Cladonia spec. and P. piliferum,
which formed dense surface covers.

Sampling and Incubation Experiment

Bulk soil from the Chicken Creek catchment and the
Lieberose sand dune was used to establish a microcosm ex-
periment. A total amount of 100 kg of soil was taken per site
from the top 20 cm. At Lieberose, the soil was collected from
five spots on the top of the dune, where no plants were grow-
ing, while at Chicken Creek, five plant-free spots were used
for the soil sampling. The soil was transported and afterwards
stored in the dark at room temperature for approximately 6
months before the incubation experiment. During that time,
pre-experiments to adjust the incubation conditions for
biocrust growth were performed.

The soil was mixed and passed through a 2-mm sieve, then
packed into plastic pots (10 ecm x 10 ¢cm x 10 cm) and
compacted to the natural soil density of approximately 1.6 g
cm ° [43]. In total, the microcosm experiment consisted of 18
pots (9 per site). The water content was set to 50% of the
maximum water holding capacity of the soil samples, and
adjusted weekly from the bottom, which ensured very low
disturbance for biocrust development. Realistic climatic and
light conditions were simulated in the sun simulator facility of
the Helmholtz Zentrum Miinchen (Neuherberg, Germany) by
generating the entire spectrum from the ultraviolet (UV, 280—
400 nm; UV-B, 280-315 nm; UV-A, 315-400 nm) to the near-
infrared (NIR) light with a combination of four types of lamps:
metal halide lamps (Osram Powerstar HQI-TS 400W/D),
quartz halogen lamps (Osram Haloline 400), blue fluorescent
tubes (Philips TL-D 36W/BLUE), and UV-B fluorescent
tubes (Philips TL 40W/12). The lamps were arranged in sev-
eral groups to obtain the natural diurnal variations of solar
irradiance by switching appropriate groups of lamps on and
off. The short-wave cutoff was achieved by selected borosil-
icate and soda-lime glass filters as previously described [46,
47]. The pots were exposed to radiation for 16 h per day.
Maximum radiation was reached in the middle of the day for
8 h at PAR (photosynthetic active radiation, 400-700 nm) of
940 pmolm s ", UV-A 0f 17.7 Wm 2, and UV-B of 0.37 W
m > The climatic conditions were adjusted to a night-day
cycle from 18 to 25 °C, and a relative air humidity of 95—
90%, respectively.

Biocrusts were sampled after 4 (T1) and 10 (T2) months of
incubation from three independent pots per soil substrate and
sampling time point. Only the upper 2 mm was considered as
biocrust. In addition, samples of bulk soil without biocrust
development were taken at the beginning of the experiment
(T0). In total, 18 samples were collected (3 sampling times x 2
sites x 3 replicates). Samples for DNA analyses were directly
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frozen at — 80 °C, while samples for biochemical analyses
were stored at 4 °C until further processing. For the determi-
nation of water repellency and the computed tomography
analysis, undisturbed samples from the end of the experiment
were taken using Petri dishes and stored at 4 °C until further
analysis.

Physicochemical Measurements

For the analysis of dissolved organic carbon (DOC) and nitro-
gen (DON), bulk soils and biocrust samples were suspended
with a 0.01 M CaCl, solution in a 1:3 ratio (w/v), and shaken
horizontally for 45 min. After passing through a Millex-HV
0.45-pm filter (Merck Millipore, USA), extracts were ana-
lyzed for DOC by means of a DIMA-TOC 100 analyzer
(Dimatec Analysentechnik GmbH, DE), and for DON using
a Skalar Continuous Flow Analyzer SA5100 (Skalar
Analytical B.V., NL) [48]. Soil pH of bulk soil samples was
measured in 0.01 M CaCl, solution with a soil:solution ratio
of 1:5 (w/v) after 3 h of incubation time. Water repellency of
biocrusts was measured as a dimensionless “repellency index”
using the ethanol/water microinfiltrometric sorptivity method
according to Fischer et al. [49], where a theoretical value of 1
characterizes totally non-repellent soils [50], and may exceed
50 for highly repellent soils [51].

Pre-experiments indicated that only biocrusts from T2
grown on substrate from Chicken Creek developed a thick-
ness sufficient for visualization by computed tomography
(CT). Thus, only these samples were used to determine con-
nectivity of the three-dimensional pore system of the biocrusts
and the underlying soil as described previously [52]. The
structure of the undisturbed samples was analyzed using a
micro-computed tomography scanner (X-Tek HMX 225,
Nikon Metrology, BE) equipped with a fine-focus X-ray tube
(spot size of 5 um) and a digital flat panel detector with a
resolution of 512 by 512 pixels (width by height). The
resulting X-ray computed microtomography (XCMT) images
were used to calculate Euler characteristics for 26 nearest
neighbors of each voxel. So defined Euler numbers were com-
puted as a function of pore size in the range between 15 and
291 pm [53].

DNA Extraction, Library Preparation, and Sequencing

DNA was extracted from bulk soil and biocrust samples using
the “Genomic DNA from soil” NucleoSpin Soil Kit
(Macherey-Nagel, DE) according to the manufacturer’s man-
ual. Based on a performance pretest (data not shown), Buffer
SL1 was chosen for sample lysis. DNA purity was verified by
means of a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, USA). The quantity was also measured
using a SpectraMax Gemini EM microplate reader
(Molecular Devices, USA) together with a Quant-iT

@ Springer

78

PicoGreen dsDNA Assay Kit (Life Technologies, USA), and
is presented in Table 2. DNA was sheared using an E220
Focused-ultrasonicator (Covaris, USA) with the following
conditions: peak incident power = 175 W, duty factor =
10%, cycles per burst = 200, treatment time = 100 s, temper-
ature = 7 °C, water level = 6, sample volume = 50 pL, inten-
sifier = yes. Library preparation was performed using the
NEBNext Ultra DNA Library Prep Kit for Illumina and the
NEBNext Multiplex Oligos for Illumina (both New England
Biolabs, UK) as described in the protocol of the producer. Due
to lower DNA concentrations (Table 2), samples from TO
underwent different molecular manipulations during library
preparation than samples from T1 and T2. The NEBNext
adaptor from Illumina was diluted 10-fold for samples from
T1 and T2, and 50-fold for samples from T0, to prevent the
occurrence of dimers. Size selection for samples from T1 and
T2 was performed with Agencourt AMPure XP beads
(Beckman Coulter, USA), using the volumes selecting for
libraries with 500-700 bp inserts. No size selection was ap-
plied for samples from T0 due to the low DNA concentrations
of the libraries. PCR amplification was performed with 15
cycles for samples from T1 and T2, and 18 cycles for samples
from TO. Primers used for samples from T1 and T2 were
diluted 2-fold. Primers used for samples from TO were not
diluted. Libraries were pooled equimolarily, and 15 pM of
the mixture was spiked with 1% PhiX. Sequencing was car-
ried out on a MiSeq sequencer using a MiSeq Reagent Kit v3
for 600 cycles (Illumina, USA). Raw sequencing data obtain-
ed from the MiSeq is available at the sequencing read archive
(SRA) under the accession number PRINAS509545.

Bioinformatical Analysis of Sequencing Data

The raw sequencing data was processed as described by
Vestergaard et al. [54]. Removal of remnant adaptor se-
quences, trimming of terminal nucleotides with Phred quality
scores less than 15, and removal of reads shorter than 50 bp
were carried out using AdapterRemoval [55]. Reads contain-
ing more than 1% ambiguous bases (N) were removed by
means of PRINSEQ-lite (version 0.20.4) [56]. DeconSeq (ver-
sion 0.4.3) [57] was used to remove PhiX contamination.
Sufficient coverage of the metagenomic datasets was con-
firmed by means of Nonpareil (version 2.4) [58] with default
settings (Supplementary Material 1 Fig. S1).

Metagenomes obtained from bulk soils (T0) comprised
reads on average 106 bp shorter than metagenomes created
from biocrusts (T1 and T2). To test whether the difference in
read length affects the accuracy of annotations, T1 and T2
reads were trimmed in silico in a randomized manner to re-
semble the length distributions of TO reads. A comparison of
the length distributions of exemplary “short™ and “long reads”™
metagenomes, before and after trimming, is presented in
Supplementary Material 1 Fig. S2. The metagenomes with
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trimmed sequences were analyzed taxonomically together
with the original metagenomes. Principal coordinate analysis
(PCoA) ordination plots (Supplementary Material 1 Fig. S3)
showed that the taxonomic annotations were not notably bi-
ased by the difference in read length. Consequently, further
analyses were performed on the metagenomes with original
read lengths.

For taxonomic classification, metagenomic reads were
aligned against the National Center for Biotechnology
Information Non-Redundant (NCBI-NR) protein sequences
database (January 2017) using Kaiju (version 1.4.4) [59] in
Greedy mode with 5 allowed mismatches. Additionally, bac-
terial 16S rRNA gene sequences were extracted from the
metagenomic datasets and annotated using SortMeRNA (ver-
sion 2.0) [60] with the SILVA SSU database (release 132).

Subsequent functional annotations were performed for bac-
terial reads identified by Kaiju only. COG (Clusters of
Orthologous Groups) functional categories were assigned
based on the eggNOG (evolutionary genealogy of genes:
Non-supervised Orthologous Groups) database (version 4.5)
[61]. Assignment of genes specific for EPS and LPS biosyn-
thesis and excretion, which were the focus of the current study,
was carried out according to Cania et al. [37] by hidden
Markov model (HMM) searches combined with blasts against
protein sequences derived from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (October 2016).
Briefly, HMMs were obtained from the TIGRFAMs (version
15) [62] and Pfam (version 30) [63] databases. FragGeneScan
(version 1.19) [64] was used to predict open-reading frames,
which were subsequently scanned with HMMER (version 3)
(hmmer.org). Matching reads (£ value threshold = 1075) were
mapped to KEGG Orthology (KO) numbers. A KO number
was assigned to those reads for which the top 25 blast results
were consistent. Blasting was carried out using Diamond (ver-
sion 0.8.38) [65] with more-sensitive parameters. HMMs and
KO numbers used for the analysis are listed in Table 1. Genes
algE, epsA, and epsG were not included in the analysis due to
very low relative abundances (< 5 * 107). As most reads (>
50%) assigned to the genes of interest using the HMM-KEGG
pipeline were classified into the COG category “Function un-
known,” this study was based mainly on the targeted approach
proposed by Cania et al. [37]. The eggNOG pipeline was
employed only for a general overview of the data.

Statistical Analysis and Data Visualization

Analyses of the sequencing data were based on relative abun-
dances of reads. These were obtained by dividing the number
of reads assigned to a gene, COG functional category or bac-
terial family, by the total number of bacterial reads per sample,
and multiplying by 100.

Statistical analyses and data visualization were conducted
using R (version 3.4.4) [66]. Effects of soil substrate,
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incubation time, and their possible interaction were deter-
mined according to Field et al. [67]. Briefly, significant differ-
ences were detected by a robust 2-way independent analysis
of variance (ANOVA) based on the median as M-estimator,
with 2000 bootstrap samples. For this purpose, the pbad2way
function from the WRS package [68] was used. The influence
was counted as significant if the p value was below 5% (p <
0.05). The Benjamini-Hochberg procedure was used to con-
trol the false discovery rate in data derived from the
metagenomic datasets. Omega squared () was calculated
as an effect size to estimate the magnitude of observed influ-
ences of the analyzed factors. It can be interpreted as the
percentage of variation in the dependent variable explained
by the independent variable [69].

To detect global differences between samples, principal
coordinate analysis (PCoA) ordinations of Bray-Curtis dis-
similarity matrices were created using the PCoA function
from the ape package [70]. Corrections for negative eigen-
values were performed by means of the Cailliez procedure.
Bray-Curtis distances were calculated as an appropriate mea-
sure for community abundance data [71] using the vegdist
function from the vegan package [72].

Spearman’s rank correlation coefficient was used to identi-
fy whether the relative abundances of bacterial families and
their functional genes were correlated. For this purpose, the
function cor.test was used. The correlation was considered to
be significant if p < 0.05. The average Rho was calculated
based on absolute values.

Results
Initial Soil Substrate Parameters

Bulk soils collected from both sites had similar low contents
of DOC and DON. DOC values were in the range of 4.57 £
1.67 pg/g in samples collected from Chicken Creek, and 6.63
+ 0.46 pg/g in those from Lieberose, while DON was below
detection limit in samples from both sites. Conversely, pH
values differed between soils from both locations. Soil from
Chicken Creek was slightly alkaline (7.31 + 0.30), whereas
soil from Lieberose was rather acidic (pH = 5.42 + 0.39).
Initial soil substrate parameters are presented in Table 2.

Biocrust Development

Biocrusts that developed in the microcosm experiment were in
the initial stage of development. They consisted mostly of
bacterial and algal biofilms, which enmeshed soil particles
and formed patches on the soil surface. Mosses were also
observed, but they did not form a dense surface cover yet.
For biocrusts developed on the Chicken Creek soil, mosses
and algae were already visible after the first 4 months of

@ Springer



Cania B. et al.

Table 1 Proteins related to exo-
and lipopolysaccharide produc-
tion with corresponding KO

numbers, HMM IDs, and genes

Protein KO HMM ID Gene
number

Polysaccharide export outer membrane protein Wza K01991 PF02563 wza

Colanic acid biosynthesis acetyltransferase WeaB KO03819 TIGRO4016 wealBB

Colanic acid biosynthesis acetyltransferase WeaF K03818 TIGR0O4008 weaF

Colanic acid/amylovoran biosynthesis pyruvyl transferase K16710 TIGR04006 weaKlamsJ
WeaK/Ams]

Capsular polysaccharide export system permease KpsE K10107 TIGRO1010 kpsE

Alginate biosynthesis acetyltransferase AlgJ K19295 PF16822 alg

Levansucrase SacB K00692 PF02435 sacB

Lipopolysaccharide transport system ATP-binding protein K09691 PF14524 wzt
Wzt

LptBFGC lipopolysaccharide export complex inner K11719 TIGR04409, IptC
membrane protein LptC PF0O6835

LptBFGC lipopolysaccharide export complex permease LptF -~ K07091 TIGR04407 IptF

LptBFGC lipopolysaccharide export complex permease LptG ~ K11720 TIGR04408, IpG

PF03739

incubation (T1). For the Lieberose soil, mostly biofilms
around single soil particles were visible at T1, whereas mosses
and distinct biocrust structures appeared after 10 months of
incubation (T2). Representative pictures are presented in
Supplementary Material 1 Fig. S4.

ANOVA revealed a significant influence of incubation time
on DOC (p < 0.001, & = 0.70) and DON (p < 0.001, w*
0.81). They accumulated over time and increased by one order
of magnitude in biocrusts at the end of the experiment com-
pared to the bulk soils at the beginning of the experiment. The
water repellency index at T2 was comparable between
biocrusts grown on soils taken from both locations. It
amounted to 1.12 £ 0.15 for biocrusts originating from
Chicken Creek, and 1.16 & 0.25 for those from Lieberose.
Biocrust parameters are summarized in Table 2.

The exemplary CT images (Supplementary Material 1 Fig.
S5A-D) of biocrusts from T2 grown on soil from Chicken
Creek showed a layer of smaller particles in the crust horizon
compared to the underlying soil substrate. Positive Euler num-
bers (Supplementary Material 1 Fig. S5E) for both biocrusts
and the underlying soil indicate more isolated pores than con-
nections in the pore network. The connectivity of the pore
space was lower for the biocrusts, especially when small pores
(46 um) were considered (Euler number of 8.6 mm ). In the
underlying soil, the connectivity was the lowest for pore size
class of 107 pm (Euler number of 4.6 mm ). The connectiv-
ity then increased towards larger pore sizes as indicated by
decreasing Euler numbers.

Major Characteristics of the Shotgun Sequencing
Libraries

Shotgun sequencing of 18 libraries made from bulk soils from
the beginning of the experiment (T0) and biocrusts from the 4-
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month (T1) and 10-month (T2) samplings generated 18.3
Gbases of data in total. This corresponded to 59,710,640 fil-
tered reads. The number of filtered reads per sample varied
between 2.1 and 5.3 million. Mean lengths of sequences after
trimming ranged from 120 to 250 bp. Details of the raw and
filtered sequencing data are summarized in Supplementary
Material 2 Table S1.

The coverage of the microbial diversity by the
metagenomic datasets, which was calculated using
Nonpareil, varied from 16.5 to 67.3% (Supplementary
Material 1 Fig. S1). As expected, metagenomes from TO (non-
pareil diversity index of 19.24 + 0.07) had higher coverage
(41.9 + 12.8%) compared with metagenomes obtained from
T1 and T2 (nonpareil diversity index of 20.44 + 0.31, cover-
age of 25.5 £ 6.0%).

Taxonomic Analysis

42.83% of all metagenomic reads were assigned to Bacteria,
which could be further differentiated into 366 families. Only
these reads were further analyzed, as the main focus of this
study was on EPS and LPS producers of bacterial origin, and
molecular data on other microbial polysaccharide producers in
the emploved databases is poor. The principal coordinate anal-
ysis (PCoA) ordination plot (Fig. 1(a)) showed that bacterial
communities were highly similar at the family level in bulk
soils, and underwent differentiation during the development of
biocrusts. Dominant families were identified by selecting the
five most abundant families from each location at each time
point, and sorting them according to their relative abundance
of all metagenomes. Relative abundances of the dominant
families are shown in Supplementary Material 1 Fig. S6. As
confirmed by ANOVA, the most characteristic families for TO
were Burkholderiaceae, Comamonadaceae, and
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Table 2 DNA concentration,

dissolved organic carbon (DOC) Location Time DNA|[ngg] DOC[uglg]  DON [ug/g] pH Repellency index
and nitrogen (DON), pH, and
water repellency index values. Chicken Creek  TO 1.14£029  457+1.67 bdl 731£030 -
The repellency index has no Tl 2889 +£8.58 36.50+4.31 132+036  — -
dimension T2 3095+7.73  48.02+18.06 1.14+036 — 1.12+0.15
Lieberose TO 2254104  6.63+046 bdl 542+£039 -
Tl 579+2.14  4202+697 083009 — -
T 2465+4.63 81.03+2652 1.11+015 - 1.16 025

The en dash () signifies that the parameter was not measured for the respective samples; bdl, below detection

limit

Moraxellaceae. Flavobacteriaceae were also highly abundant
at T0, but showed additional differences between the two sub-
strates, and had generally higher relative abundance in sam-
ples from Chicken Creek. Similarly, Sphingomonadaceae
were typical for samples from Chicken Creek, but their rela-
tive abundance did not change significantly between the sam-
pled time points. Streptomycetaceae had generally higher rel-
ative abundance in samples from Lieberose, and occurred
mostly at Tl and T2. Ktedonobhacteraceae and
Acidobacteriaceae were typical at T1 and T2 for biocrusts
grown on soil substrate from the sand dune near Lieberose.
Bradyrhizobiaceae were also characteristic for biocrusts orig-
inating from Lieberose, but their abundance increased there
only at T2. Cyanobacteria, including Leprolyngbyaceae,
Tolypothrichaceae, and Nostocaceae, were most abundant in
biocrusts grown on soil substrate from Chicken Creek at T1
and T2, while Oscillatoriaceae and Microcoleaceae dominat-
ed there at T1. Significance levels and w” values are presented
in Supplementary Material 2 Table S2. Overall, the relative
abundances of 13 families were influenced only by location,
125 only by time, 63 by both factors, and 130 by interaction of
both factors. The full list of impacted families can be taken
from Supplementary Material 2 Table S3.

The results of the taxonomic analysis of the whole
metagenomic datasets based on the NCBI-NR database were
supported by the 165 rRNA gene annotations with SILVA.
Although only 0.0062% of all metagenomic reads were
assigned to the bacterial 16S rRNA gene, bacterial community
composition did not differ when data from the analysis of the
complete metagenomics datasets was compared with the phy-
logenetic analysis of subsampled 16S rRNA fragments (data
not shown).

Functional Annotation of Metagenomic Datasets

General function prediction in the metagenomic datasets
was performed by means of the eggNOG database. In
total, 73.08% of bacterial reads were assigned to COG
functional categories. The “function unknown™ category
was most abundant (~ 20%), followed by “replication,
recombination and repair” as well as “amino acid
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transport and metabolism™ (each ~ 6%). Relatively low
abundant (< 0.5%), but with special importance to the
initiation of biocrust formation, were the “cell motility”
and “extracellular structures” categories. ANOVA
showed that these two categories were more abundant
in bulk soils compared with biocrusts. COG functional
classification is presented in Supplementary Material 1
Fig. S7, and significance levels and w® values are listed
in Supplementary Material 2 Table S4.

Genes specific for the biosynthesis and excretion of
alginate, colonic acid, levan, and other EPSs as well as
LPSs, which were identified using an approach combin-
ing HMM searches with blasts against sequences de-
rived from the KEGG database, comprised 0.018% of
bacterial reads (Fig. 2). Key genes, with the overall
relative abundance in all metagenomes in the range be-
tween 0.002% and 0.005%, were wza, weaB, and wealF
of the Wzy-dependent EPS synthesis pathway, and IptF
and /ptG of the LPS synthesis pathway. Moderate abun-
dant (= 0.001%) were kpsE of the ABC transporter-
dependent EPS synthesis pathway and wz/ of the LPS
synthesis pathway. Genes wcaK/amsJ, algJ, sacB, and
IptC were the least abundant (< 0.0003%).

ANOVA revealed that the relative abundances of
most investigated genes changed mainly between TO
and T1. However, the differences in the relative num-
bers of gene copies were also driven by the underlying
soil substrate (Supplementary Material 2 Table S5). In
particular, the genes wza and wcaF increased at T1, and
the increase was more pronounced in samples originat-
ing from Chicken Creek compared with that in those
from Lieberose. Moreover, wzt increased in biocrusts
grown on soil substrate from Chicken Creek already at
T1, while the increase was observed in biocrusts grown
on bulk soil taken from Liecberose only at T2.
Conversely, kpsE and [ptC decreased at TI1.
Additionally, kpsE was relatively more abundant in sam-
ples from Lieberose, whereas /ptG was dominating in
samples from Chicken Creck. Finally, wecaK/amsJ,
algJ, sacB, and [ptF were not significantly affected by
cither incubation time or soil substrate.
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Fig.1 PCoA plots depicting differences on the family level in (a) bacterial community composition and (b) taxonomic affiliation of genes related to EPS
and LPS formation. Ellipses drawn around triplicates represent a 95% confidence level

Investigation of Potential EPS/LPS Producers

The investigated genes were found in 210 different bacterial
families, of which 11 families were found harboring the genes
in samples originating from both locations, taken at all three
sampling time points (Supplementary Material |1 Fig. S8). The
number of families harboring genes related to EPS and LPS
formation was higher at T1 and T2 compared with TO (Fig. 3).
At TO, the investigated genes were associated with 33 families
in bulk soil from Chicken Creek, and in 34 in bulk soil from
Lieberose. These numbers increased at T1 to 150 families in
samples originating from Chicken Creek, and 100 in samples
from Lieberose. At T2, 146 families harbored the investigated
genes in samples from Chicken Creek, and 87 in samples from
Lieberose.

Taxonomy of bacteria potentially capable of synthesis
and excretion of EPSs and LPSs is presented in Fig. 3
at the level of phylum or class (in case of
Proteobacteria). At T0, the investigated genes were har-
bored mainly by Betaproteobacteria, whereas at T1 and
T2, the major potential producers of EPSs and LPSs,
were members of Cyanobacteria, Alphaproteobacteria,
and Chloroflexi. Interestingly, differences were also
found in the diversity pattern of potential EPS and
LPS producers in response to the different soil sub-
strates. In particular, Cvanobacteria were typical for
biocrusts grown on soil taken from Chicken Creek,
while Chloroflexi and Acidobacteria were characteristic
for biocrusts originating from Lieberose.
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ANOVA identified a significant impact on the overall rel-
ative abundance of the investigated genes caused by location
alone in three families, by time alone in 14 families, and by
interaction of both factors in 23 families. The full list of af-
fected families can be taken from Supplementary Material 2
Table S3. The PCoA plot (Fig. 1(b)) indicated that the distri-
bution pattern of the analyzed genes among bacterial families
resembled that of the total bacterial community (Fig. 1(a)). In
fact, Spearman’s rank correlation analysis revealed a positive
correlation between the total abundance of a given family and
the amount of sequences related to EPS and LPS formation
harbored by that family for 57 families of potential EPS and
LPS producers (average Rho = 0.69, minimum Rho = 0.47,
maximum Rho = 0.97). Three families showed a negative
correlation (average Rho = 0.56, minimum Rho = 0.49, max-
imum Rho = 0.61), and 150 exhibited no correlation (average
Rho = 0.23, minimum Rho = 0.00, maximum Rho = 0.46).

Of the 57 families that showed a positive correlation, 25
exceeded an abundance of 1%, and encompassed altogether
43.26% of all bacterial reads. Both the relative abundance as
well as the potential for EPS and LPS synthesis and export of
these families were strongly influenced by both incubation
time and underlying soil substrate (Fig. 4). In fact, these fac-
tors selected the key producers of EPSs and LPSs already at
the phylum level. Betaproteobacteria (especially
Burkholderiaceae), as well as Gammaproteobacteria
(Moraxellaceae) and Bacteroidetes (Flavobacteriaceae),
were prevalent at T0, although most of their members were
found also at T1 and T2. Deltaproteobacteria
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Fig. 2 Relative abundances of genes specific for the formation of EPSs and LPSs. Error bars show standard deviations of triplicates

(Myxococcaceae and Archangiaceae) and Planctomycetes
(Gemmataceae and Planctomycetaceae) occurred mainly at
T1 and T2 in biocrusts grown on soil taken from Chicken
Creeck. However, Gemmataceae were relatively abundant also
at T2 in biocrusts originating from Lieberose. Cyanobacteria
were characteristic for Chicken Creek samples from T1 and
T2, but some of their members (Oscillatoriaceae and
Leptolyngbyaceae) could also be important for EPS and LPS
production in Lieberose samples from T1 and T2. Typical for
Lieberose samples from T1 and T2 were Chloroflexi
(Ktedonobacteraceae and Thermogemmatisporaceae) and
Acidobacteria (Acidobacteriaceae). Alphaproteobacteria
were prevalent at T1 and T2 in general, but some of their
members were more characteristic for one of the underlying
substrates (¢.g., Sphingomonadaceae for soil from Chicken
Creek, and Acerobacteraceae for that from Licberose).

Discussion
Bacterial Communities of Initial Soils

In the present study, initial biocrusts developed from indige-
nous communities of free-living microbes, which were highly
similar in bulk soils from both sites. As carbon and nitrogen
availability are one of the most important factors shaping bac-
terial community structure [73, 74], their low concentrations
could be the primary influence selecting only the best-adapted
bacteria in nutrient-poor habitats such as the Chicken Creek
catchment and the Lieberose sand dune. In fact, the most
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abundant bacterial families in the bulk soils from our study
were Burkholderiaceae, Comamonadaceae, Moraxellaceae,
and Flavobacteriaceae. These families exhibit oligotrophic
traits, as their metabolic versatility and ability to degrade a
wide range of compounds, such as various polymers, polycy-
clic aromatic compounds, phenols, and halogenated aro-
matics, enable them to thrive even in environments with lim-
ited nutritional opportunities [75-78]. Consequently, these
groups were isolated from habitats such as crude oil, desert
soil, glacier ice, or distilled water. Furthermore, many mem-
bers of these families possess fimbriae and exhibit motility.
This is in line with the higher amount of corresponding reads
found in the bulk soils compared with the initial biocrusts.
These traits are especially important for free-living bacteria,
as they assist in the first steps of cell attachment to a surface
and establishment of biofilms [79]. In contrast, genes involved
in the formation of EPSs and LPSs, which are particularly
relevant in the later stages of biofilm development, were gen-
erally more abundant in the initial biocrusts compared with the
bulk soils.

Influence of Initial Biocrusts on Soil Stability
and Hydrological Properties

EPSs and LPSs have protective functions, bind and mediate
penetration of micronutrients into the cell, and function in cell-
to-surface and cell-to-cell interactions, which are critical for
biofilm development [16, 80, 81]. The prevalence of genes
related to EPS and LPS synthesis and export in initial
biocrusts was therefore expected. EPSs and LPSs also play

@ Springer



Cania B. et al.

Fig. 3 Comparison of relative
abundances of bacteria with and
without the potential for EPS and
LPS formation (labeled as
“Present” and “Absent™). The
distinction between the potential
producers and non-producers was
performed on the level of family.
The families were then pooled
according to their respective phy-
la or, in case of Proteobacteria,
classes. Values above bars repre-
sent total numbers of displayed
families
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an important role in improving soil stability, especially in ini-
tial biocrusts that harbor large amounts of bacteria, like in our
study. Bacterial polysaccharides adhere around soil particles,
connecting them and cementing into larger aggregates [82].
Several studies demonstrated that bacterial polysaccharides
increased the amount of stable soil aggregates [83—85] and
reduced rainfall-induced erosion up to 98% [35]. Using the
exemplary XCMT images of the 10-month-old samples from
Chicken Creek, we also confirmed the ability of initial
biocrusts to trap surface soil particles. Similar activity of
cyanobacterial crusts was captured on XCMT images, for ex-
ample, by Raanan et al. [86]. Moreover, the increase of the
potential for EPS and LPS formation in the initial biocrusts
compared with the bulk soils was correlated in our study with
an accumulation of dissolved organic carbon (data not
shown). Altogether, these point to an increased production
of adhesive bacterial polysaccharides in our biocrusts.
Additionally, we measured the influence of biocrusts on
soil hydrological properties, as the key role in altering soil
moisture dynamics seems to be played by polysaccharides
[1]. On one hand, they tend to clog pores through swelling,
which may reduce soil infiltrability [32, 34, 49, 87]. On the
other hand, they can increase soil porosity, which is known
to positively affect water penetration [88, 89]. Some re-
searchers also postulate that polysaccharides alter the hy-
drophobicity of biocrust surfaces [90]. In our study, the
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water repellency of biocrusts incubated for 10 months on
both substrates was close to ideal wettability. Similar water
repellency was reported for very young biocrusts also in
other studies [49, 91]. In initial biocrusts, the effect on hy-
drological processes highly depends on the transient
amount and chemical nature of polysaccharides building
the bacterial biofilms [92]. For example, water molecules
as well as nutrients are bound mainly by the hydrophilic
polysaccharide fractions, while the hydrophobic fractions
increase the stability of biocrusts and their ability to adhere
to solid surfaces [93]. Furthermore, polysaccharides in bac-
terial biofilms are subjected to constant modification and
degradation processes, both enzymatic and abiotic [4].
Colica et al. [94] underlined that polysaccharide content
cannot be directly correlated with biocrust age, as the tran-
sient amount of polysaccharides in biocrusts depends on the
activity of both polysaccharide producers as well as
chemoheterotrophic organisms that use polymeric carbohy-
drates as a carbon source. Thus, the hydrological properties
of biocrusts are highly dynamic and may fluctuate during
biocrust development, as shown previously [49].
Comparing the structure of bacterial communities in
biocrusts with the composition and chemical properties of
bacterial polysaccharides throughout the whole develop-
ment of biocrusts would surely shed more light on this
issue. However, more research on the methods of extracting
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bacterial polysaccharides from biocrust needs to be done
before such measurements will be reliable and give addi-
tional information compared to the repellency index [4, 95].

Genes Related to EPS and LPS Formation

Although the total relative abundance of genes involved in the
formation of EPSs and LPSs increased in the initial biocrusts
compared with the bulk soils, the individual genes showed
different responses. Especially abundant and showing the
strongest increase were genes from the Wzy-dependent EPS
synthesis pathway and the LPS synthesis pathway. Most bac-
terial reads in our study belonged to phyla well-known for
LPS production, such as Proteobacteria (40%),
Cyanobacteria (209%), and Bacteroidetes (5%) [96].
Moreover, recent evidence shows that LPS producers can be
found even in phyla that are commonly considered as lacking
LPSs [97, 98]. Therefore, the relatively high abundance of
genes from the LPS synthesis pathway in our study was ex-
pected. Similarly, the high relative abundance of genes from
the Wzy-dependent pathway was expected, as it is the most
widely distributed mechanism of EPS assembly and export
[99, 100]. In particular, the wza gene encodes for an outer
membrane protein Wza, which participates in the transloca-
tion across the outer membrane of a variety of EPSs in many
different taxa [27]. In comparison, genes belonging to the
other pathways of EPS assembly and export (ABC-dependent
and synthase-dependent), as well as to the extracellular EPS
synthesis, were less abundant in our metagenomes. However,
these genes are found only in a very limited number of bacte-
ria [101-103].
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In contrast to the other investigated genes, the relative
abundances of the kpsE gene, which is part of the ABC-
dependent EPS synthesis pathway, and the IptC gene of the
LPS synthesis pathway decreased in the biocrusts compared
with the bulk soils. The gene kpsE is associated with the syn-
thesis of capsular polysaccharides, which enhance survival of
bacterial cells in harsh environments [104]. This could explain
the high relative abundance of kps£ in the low-nutrient bulk
soils of the Chicken Creek catchment and the Lieberose sand
dune. The LptC protein is part of the LptBFGC LPS export
complex together with LptF and LptG. However, unlike LptF
and LptG, LptC is not well-conserved among Gram-negative
bacteria [105, 106] and may not even be essential for LPS
formation [107].

The differences in the relative abundances of genes associ-
ated with EPS and LPS formation were observed mainly be-
tween the bulk soils and the biocrusts. Conversely, very few
differences in the relative abundances of the investigated
genes were found between samples originating from
Chicken Creek and Lieberose.

Differentiation of Potential Key Producers of EPSs
and LPSs During Initial Development of Biocrusts
on Different Soil Substrates

Even though the soil substrate had little impact on the relative
abundance of the investigated genes, it shaped the composi-
tion of bacterial communities in the developing biocrusts. In
fact, bacterial communities that were highly similar in the bulk
soils underwent differentiation once biocrusts started to devel-
op. Furthermore, the taxonomic affiliation of the investigated
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genes reflected the overall composition of the bacterial com-
munities in our study, and thus the differentiation of the over-
all bacterial communities was accompanied by the differenti-
ation of the communities of potential producers of adhesive
polysaccharides. This is in line with the theory about function-
al redundancy, which states that important functions are pre-
served by a community even if the community changes its
composition [108]. Our results indicate that the potential to
form EPSs and LPSs is an important trait for initial biocrusts,
as it is maintained despite the different development of bacte-
rial communities on the two investigated substrates.

The importance of the potential to produce “soil glue” in
the initial stage of biocrust development is further underlined
by the fact that the highest numbers of sequences related to
EPS and LPS biosynthesis were harbored by the families
dominating the initial biocrusts. The potential key producers
of adhesive polysaccharides found in biocrusts grown on soil
from the Chicken Creek catchment and the Lieberose sand
dune were distinct already at the phylum level. In the
Chicken Creek biocrusts, the most abundant potential pro-
ducers of EPSs and LPSs were Cvanobacteria. They are well
known for their capability to form external polysaccharidic
layers that enable them to survive in extreme environments
[13]. In fact, the genetic machinery of the LPS synthesis and
the Wzy-dependent pathway of the EPS synthesis were both
found in Cyvanobacteria before [27]. This explains the domi-
nance of these particular polysaccharide biosynthesis path-
ways in the metagenomes from the Chicken Creek biocrusts.
However, Cvanobacteria played only a minor role in the com-
munity of potential EPS and LPS producers in the Lieberose
biocrusts, possibly because they prefer alkaline environments
[1]. In the biocrusts grown on the soil from Lieberose,
Cyanobacteria were replaced by Chloroflexi and
Acidobacteria, which favor acidic habitats [109-113]. While
Chloroflexi lack the ability to synthesize LPSs, Acidobacteria
are known LPS producers [96]. Furthermore, even though the
information on the proficiency of both phyla in EPS formation
is still limited, sequences related to EPS synthesis were previ-
ously found in Acidobacteria, and a recent report suggests that
some members of this phylum produce large amount of EPSs
[114]. Acidobacteria and Chlorofiexi are also
common members of communities that embed themselves in
an EPS matrix, such as biofilms, microbial mats, and biocrusts
[115-117]. The low relative abundance of Cvanobacteria in
biocrusts grown on the soil from Lieberose suggests that, be-
sides Chlorofiexi, the other major phototrophic organisms
there could have been algae, which are also well-known pro-
ducers of EPSs. Algae dominate acidic soils and are major
components of the natural biocrusts found at Lieberose, ex-
cept for the terminal successional stage that is dominated by
mosses and fungi [1, 44, 45, 49]. However, the identification
of eukaryotes involved in polysaccharide production is diffi-
cult using short-read shotgun sequencing and would require a
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different approach [118, 119]. In any case, our results show
that potential producers of EPSs and LPSs dominate bacterial
communities of biocrusts during the initial stage of biocrust
development. Consequently, the differentiation of overall bac-
terial communities leads to the emergence of distinct potential
key producers of “soil glue.”

The differentiation of bacterial communities in our study
could have been on one hand triggered by soil properties. For
example, the two soil substrates used in our study differed in
pH, which is one of the most important edaphic parameters
determining the composition of bacterial communities in soil
[120], but usually signifies that other edaphic parameters (e.g.,
micronutrient availability) also differ [121]. Therefore, the
experimental design of the current study prevents us from
making any definite conclusions on the influence of edaphic
parameters on the community structure of potential “soil glue”
producers. On the other hand, the observed differentiation of
bacterial communities could have resulted from various rare
species that were too low abundant to detect in the bulk soils,
and started dominating during the initial development of
biocrusts. To identify the main drivers shaping the community
composition of potential producers of EPSs and LPSs in initial
biocrusts, future experiments should involve multiple sterile
soil substrates with diverse edaphic parameters, inoculated
with the same initial bacterial community.

Conclusions

Our study indicates that the potential to produce EPSs and
LPSs is an important trait for bacterial communities forming
biocrusts in the initial stage of biocrust development, as (i) the
relative abundance of genes related to the biosynthesis of ad-
hesive polysaccharides increases in the bacterial communities
of initial biocrusts compared with the indigenous bacterial
communities of bulk soils, (ii) the relative abundances of
EPS and LPS genes remain similar in initial biocrusts with
different compositions of bacterial communities, and (iii) the
highest numbers of sequences related to the “soil glue” pro-
duction is found in families dominating initial biocrusts.
Furthermore, we demonstrate that the community composi-
tion of potential producers of EPSs and LPSs reflects the
overall structure of bacterial communities in initial biocrusts,
and thus, initial biocrusts with different bacterial community
compositions harbor distinct potential key producers of adhe-
sive polysaccharides. Whether the ability of biocrusts to im-
prove soil development in the long term is compromised by
differences in the efficiency of polysaccharide formation, or
the adhesive properties of EPSs and LPSs produced by differ-
ent taxa, needs further investigation. Similarly, whether the
differentiation of bacterial communities during the initial de-
velopment of biocrusts is primarily triggered by soil
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properties, or results from various rare species present in the
initial bacterial community of bulk soil, remains to be
determined.

Acknowledgments The authors wish to thank Gudrun Hufnagel for mea-
suring the biochemical parameters, Christoph Schmidt and Abilash
Chakravarthy Durai Raj for bioinformatical advice, and Viviane Radl
and Antonios Michas for constructive feedback on the previous version
of the manuscript. This study was performed as part of the Transregional
Collaborative Research Centre 38 (SFB/TRR 38), which is financially
supported by the Deutsche Forschungsgemeinschaft (DFG, Bonn) and
the Brandenburg Ministry of Science, Research and Culture (MWFK,
Potsdam), and the project “The influence of agricultural management
practices on microbial functions and networks in biological soil crusts”
funded by the DFG in frame of the DFG-Nachwuchsakademie
“Agrardkosystemforschung: Bodenressourcen und
Pflanzenproduktion.” The authors also gratefully acknowledge the
funding provided by the German Federal Office for Agriculture and
Food (BLE).

Compliance with Ethical Standards

This article does not contain any studies with human participants or an-
imals performed by any of the authors.

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Belnap J, Lange OL (2003) Biological soil crusts: structure, func-
tion, and management. Springer, New York

2. Sancho LG, Maestre FT, Biidel B (2014) Biological soil crusts ina
changing world: introduction to the special issue. Biodivers
Conserv 23:1611-1617

3. WuY, Rao B, Wu P, Liu Y, Li G, Li D (2013) Development of
artificially induced biological soil crusts in fields and their effects
on top soil. Plant Soil 370:115-124

4. Rossi F, Mugnai G, De Philippis R (2018) Complex role of the
polymeric matrix in biological soil crusts. Plant Soil 429:19-34

5. Totsche KU, Amelung W, Gerzabek MH, Guggenberger G,
Klumpp E, Knief C, Lehndorff E, Mikutta R, Peth S, Prechtel A
(2018) Microaggregates in soils. ] Plant Nutr Soil Sc 181:104-136

6. SixJ, Bossuyt H, Degryze S, Denef K (2004) A history of research
on the link between (micro) aggregates, soil biota, and soil organic
matter dynamics. Soil Till Res 79:7-31

7. Abu-Lail NI, Camesano TA (2003) Role of lipopolysaccharides in
the adhesion, retention, and transport of Escherichia coli IM109.
Environ Sci Technol 37:2173-2183

8. Veste M, Littmann T, Breckle S-W, Yair A (2001) The role of
biological soil crusts on desert sand dunes in the northwestern
Negev, Israel. In: Breckle S-W, Veste M, Wucherer W (eds)
Sustainable land use in deserts. Springer, Heidelberg, pp 357-367

9. Selbmann L, Stingele F, Petruccioli M (2003) Exopolysaccharide

production by filamentous fungi: the example of Botryosphaeria

rhodina. Anton Leeuw Int J G 84:135-145

Martinez-Canovas MJ, Quesada E, Martinez-Checa F, del Moral

A, Bejar V (2004) Salipiger mucescens gen. nov., sp. nov., a mod-

erately halophilic, exopolysaccharide-producing bacterium isolat-

ed from hypersaline soil, belonging to the «-proteobacteria. Int J

Syst Evol Micr 54:1735-1740

87

1.

20.

21.

22

23.

24,

25.

26.

27.

29,

30.

3L

32,

Suela Silva M, Naves Sales A, Teixeira Magalhdes-Guedes K,
Ribeiro Dias D, Schwan RF (2013) Brazilian Cerrado soil
Actinobacteria ecology. Biomed Res Int 2013:503805

Wu N, Zhang Y, Pan H, Zhang J (2010) The role of
nonphotosynthetic microbes in the recovery of biological soil
crusts in the Gurbantunggut Desert, Northwestern China. Arid
Land Res Manag 24:42-56

Pereira S, Zille A, Micheletti E, Moradas-Ferreira P, De Philippis
R, Tamagnini P (2009) Complexity of cyanobacterial
exopolysaccharides: composition, structures, inducing factors
and putative genes involved in their biosynthesis and assembly.
FEMS Microbiol Rev 33:917-941

Seviour R, Stasinopoulos S, Auer D, Gibbs P (1992) Production of
pullulan and other exopolysaccharides by filamentous fungi. Crc
Cr Rev Biotechn 12:279-298

Mahapatra S, Banerjee D (2013) Fungal exopolysaccharide: pro-
duction, composition and applications. Microbiol Insights 6:1-16
Suresh Kumar A, Mody K, Jha B (2007) Bacterial
exopolysaccharides—a perception. J Basic Microb 47:103-117
Zaady E, Kuhn U, Wilske B, Sandoval-Soto L, Kesselmeier J
(2000) Patterns of CO2 exchange in biological soil crusts of suc-
cessional age. Soil Biol Biochem 32:959-966

Fischer T, Gypser S, Subbotina M, Veste M (2014) Synergic hy-
draulic and nutritional feedback mechanisms control surface
patchiness of biological soil crusts on tertiary sands at a post-
mining site. ] Hydrol Hydromech 62:293-302

Fischer T, Veste M (2018) Carbon cycling of biological soil crusts
mirrors ecological maturity along a Central European inland dune
catena. Catena 160:68-75

West NE (1990) Structure and function of microphytic soil crusts
in wildland ecosystems of arid to semi-arid regions. Adv Ecol Res
20:179-223

Eldridge D, Greene R (1994) Microbiotic soil crusts-a review of
their roles in soil and ecological processes in the rangelands of
Australia. Soil Res 32:380-415

Kidron G, Barzilay E, Sachs E (2000) Microclimate control upon
sand microbiotic crusts, western Negev Desert, Israel.
Geomorphology 36:1-18

Yair A, Almog R, Veste M (2011) Differential hydrological re-
sponse of biological topsoil crusts along a rainfall gradient in a
sandy arid area: Northern Negev desert, Israel. Catena 87:326-333
Kidron GJ, Vonshak A (2012) The use of microbiotic crusts as
biomarkers for ponding, subsurface flow and soil moisture content
and duration. Geoderma 181:56-64

Belnap I (2006) The potential roles of biological soil crusts in
dryland hydrologic cycles. Hydrol Process 20:3159-3178
Schmid J, Sieber V, Rehm B (2015) Bacterial exopolysaccharides:
biosynthesis pathways and engineering strategies. Front Microbiol
6:496

Pereira SB, Mota R, Santos CL, De Philippis R, Tamagnini P
(2013) Assembly and export of extracellular polymeric substances
(EPS) in cyanobacteria: a phylogenomic approach. Adv Bot Res
65:235-279

Hunt F (1985) Patterns of LPS synthesis in gram negative bacteria.
J Theor Biol 115:213-219

Wang X, Quinn PJ (2010) Lipopolysaccharide: biosynthetic path-
way and structure modification. Prog Lipid Res 49:97-107
Whitfield C, Trent MS (2014) Biosynthesis and export of bacterial
lipopolysaccharides. Annu Rev Biochem 83:99-128

Costa OY, Raaijmakers JM, Kuramae EE (2018) Microbial extra-
cellular polymeric substances: ecological function and impact on
soil aggregation. Front Microbiol 9:1-14

Mazor G, Kidron GJ, Vonshak A, Abeliovich A (1996) The role of
cyanobacterial exopolysaccharides in structuring desert microbial
crusts, FEMS Microbiol Ecol 21:121-130

@ Springer



Cania B. et al.

33.

34.

33.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

HuiXia P, ZhengMing C, XueMei Z, ShuYong M, XiaoLing Q,
Fang W (2007) A study on an oligotrophic bacteria and its eco-
logical characteristics in an arid desert area. Sci China Ser D 50:
128-134

Colica G, Li H, Rossi F, Li D, Liu Y, De Philippis R (2014)
Microbial secreted exopolysaccharides affect the hydrological be-
havior of induced biological soil crusts in desert sandy soils. Soil
Biol Biochem 68:62-70

Kheirfam H, Sadeghi SH, Darki BZ, Homaee M (2017)
Controlling rainfall-induced soil loss from small experimental
plots through inoculation of bacteria and cyanobacteria. Catena
152:40-46

Mugnai G, Rossi F, Felde VIMNL, Colesie C, Biidel B, Peth S,
Kaplan A, De Philippis R (2018) The potential of the cyanobac-
terium Leptolyngbya ohadii as inoculum for stabilizing bare sandy
substrates. Soil Biol Biochem 127:318-328

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 lipo-
polysaccharides. Environ Microbiome 1:1-14

Gerwin W, Schaaf' W, Biemelt D, Fischer A, Winter S, Hiittl RF
(2009) The artificial catchment “Chicken Creek”(Lusatia,
Germany)—a landscape laboratory for interdisciplinary studies
of initial ecosystem development. Ecol Eng 35:1786-1796
Russell DJ, Hohberg K, Elmer M (2010) Primary colonisation of
newly formed soils by actinedid mites. Soil Org 82:237-251
Zaplata MK, Winter S, Fischer A, Kollmann I, Ulrich W (2012)
Species-driven phases and increasing structure in early-
successional plant communities. Am Nat 181:E17-E27
Lukefova A (2001) Soil algae in brown coal and lignite post-
mining areas in central Europe (Czech Republic and Germany).
Restor Ecol 9:341-350

Gypser S, Herppich WB, Fischer T, Lange P, Veste M (2016)
Photosynthetic characteristics and their spatial variance on biolog-
ical soil crusts covering initial soils of post-mining sites in Lower
Lusatia, NE Germany. Flora 220:103-116

Diimig A, Veste M, Hagedorn F, Fischer T, Lange P, Spréte R,
Kdgel-Knabner I (2014) Organic matter from biological soil crusts
induces the initial formation of sandy temperate soils. Catena 122:
196-208

Fischer T, Veste M, Bens O, Hiittl RF (2012) Dew formation on
the surface of biological soil crusts in central European sand eco-
systems. Biogeosciences 9:4621-4628

Fischer T, Veste M, Eisele A, Bens O, Spyra W, Hiittl RF (2012)
Small scale spatial heterogeneity of normalized difference vegeta-
tion indices (NDVIs) and hot spots of photosynthesis in biological
soil crusts. Flora 207:159-167

Déhring T, Koefferlein M, Thiel S, Seidlitz HK (1996) Spectral
shaping of artificial UV-B irradiation for vegetation stress re-
search. J Plant Physiol 148:115-119

Thiel S, Dohring T, Kéfferlein M, Kosak A, Martin P, Seidlitz HK
(1996) A phytotron for plant stress research: how far can artificial
lighting compare to natural sunlight? J Plant physiol 148:456—463
Brankatschk R, Towe S, Kleineidam K, Schloter M, Zeyer J
(2011) Abundances and potential activities of nitrogen cycling
microbial communities along a chronosequence of a glacier
forefield. ISME J 5:1025-1037

Fischer T, Veste M, Wiehe W, Lange P (2010) Water repellency
and pore clogging at early successional stages of microbiotic
crusts on inland dunes, Brandenburg, NE Germany. Catena 80:
47-52

Hallett P, Young I (1999) Changes to water repellence of soil
aggregates caused by substrate-induced microbial activity. Eur J
Soil Sci 50:35-40

@ Springer

88

51

52

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Urbanek E, Hallett P, Feeney D, Hom R (2007) Water repellency
and distribution of hydrophilic and hydrophobic compounds in
soil aggregates from different tillage systems. Geoderma 140:
147-155

Kohne JM, Schliiter S, Vogel H-J (2011) Predicting solute trans-
port in structured soil using pore network models. Vadose Zone J
10:1082-1096

Vogel H-J, Weller U, Schliiter S (2010) Quantification of soil
structure based on Minkowski functions. Comput Geosci 36:
1236-1245

Vestergaard G, Schulz S, Scholer A, Schloter M (2017) Making
big data smart—how to use metagenomics to understand soil qual-
ity. Biol Fert Soils 53:479-484. https://doi.org/10.1007/s00374-
017-1191-3

Schubert M, Lindgreen 8, Orlando L (2016) AdapterRemoval v2:
rapid adapter trimming, identification, and read merging. BMC
Res Notes 9:88

Schmieder R, Edwards R (2011) Quality control and preprocess-
ing of metagenomic datasets. Bioinformatics 27:863-864
Schmieder R, Edwards R (2011) Fast identification and removal
of sequence contamination from genomic and metagenomic
datasets. PloS One 6:¢17288

Rodriguez-R LM, Konstantinidis KT (2014) Estimating coverage
in metagenomic data sets and why it matters. ISME J 8:2349—
2351

Menzel P, Ng KL, Krogh A (2016) Fast and sensitive taxonomic
classification for metagenomics with Kaiju. Nat Commun 7:11257
Kopylova E, Noé L, Touzet H (2012) SortMeRNA: fast and ac-
curate filtering of ribosomal RNAs in metatranscriptomic data.
Bioinformatics 28:3211-3217

Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D,
Walter MC, Rattei T, Mende DR, Sunagawa S, Kuhn M (2015)
eggNOG 4.5: a hierarchical orthology framework with improved
functional annotations for eukaryotic, prokaryotic and viral se-
quences. Nucleic Acids Res 44:D286-D293

Haft DH, Selengut JD., Richter RA, Harkins D, Basu MK, Beck E
(2013) TIGRFAMSs and genome properties in 2013. Nucleic Acids
Res 41:D387-D395

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell
AL, Potter SC, Punta M, Qureshi M, Sangrador-Vegas A (2016)
The Pfam protein families database: towards a more sustainable
future. Nucleic Acids Res 44:D279-D285

Rho M, Tang H, Ye Y (2010) FragGeneScan: predicting genes in
short and error-prone reads. Nucleic Acids Res 38:e191-e191
Buchfink B, Xie C, Huson DH (2015) Fast and sensitive protein
alignment using DIAMOND. Nat Methods 12:59-60

R Core Team (2016) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna
Field A, Miles J, Field Z (2012) Discovering statistics using R.
Sage publications, Thousand Oaks

Wilcox RR, Schénbrodt FD (2014) The WRS package for robust
statistics in R. R package version 0.24. Retrieved from hitp://r-
forge.r-project.org/projects/wrs/

Tunks T (1978) The use of omega squared in interpreting statisti-
cal significance. B Coun Res Music Ed 57:28-34.

Paradis E, Claude J, Strimmer K (2004) APE: analyses of phylo-
genetics and evolution in R language. Bioinformatics 20:289-290
Legendre P, Legendre LF (2012) Numerical ecology. Elsevier,
Amsterdam

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P,
McGlinn D, Minchin PR, O’Hara RB, Simpson GL, Solymos P,
Stevens MHH, Szoecs E, Wagner H (2018) Vegan: community
ecology package. R package version 2:5-1

Sul WJ, Asuming-Brempong S, Wang Q. Tourlousse DM, Penton
CR, Deng Y, Rodrigues JL, Adiku SG, Jones JW, Zhou J (2013)
Tropical agricultural land management influences on soil



Biological Soil Crusts from Different Soil Substrates Harbor Distinct Bacterial Groups with the Potential...

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

microbial communities through its effect on soil organic carbon.
Soil Biol Biochem 65:33-38

Cederlund H, Wessén E, Enwall K, Jones CM, Juhanson J, Pell M,
Philippot L, Hallin S (2014) Soil carbon quality and nitrogen
fertilization structure bacterial communities with predictable re-
sponses of major bacterial phyla. Appl Soil Ecol 84:62-68
Coenye T (2014) The family Burkholderiaceae. In: Rosenberg E
(ed) The prokaryotes: Alphaproteobacteria and
Betaproteobacteria. Springer, Heidelberg, pp 759-776

Willems A (2014) The family Comamonadaceae. In: Rosenberg E
(ed) The prokaryotes: Alphaproteobacteria and
Betaproteobacteria. Springer, Heidelberg, pp 777-851

Teixeira LM, Merquior VLC (2014) The family Moraxellaceae.
In: Rosenberg E (ed) The prokaryotes: Gammaproteobacteria.
Springer, Heidelberg, pp 443-476

McBride MJ (2014) The family Flavobacteriaceae. In: Rosenberg
E (ed) The prokaryotes: other major lineages of bacteria and the
archaea. Springer, Heidelberg, pp 643-676

Vogeleer P, Tremblay YD, Mafu AA, Jacques M, Harel J (2014)
Life on the outside: role of biofilms in environmental persistence
of Shiga-toxin producing Escherichia coli. Front Microbiol 5:317
Lindhout T, Lau PCY, Brewer D, Lam JS (2009) Truncation in the
core oligosaccharide of lipopolysaccharide affects flagella-
mediated motility in Pseudomonas aeruginosa PAO1 via modula-
tion of cell surface attachment. Microbiology +155:3449-3460
Kierek K, Watnick PI (2003) The Vibrio cholerae O139 O-antigen
polysaccharide is essential for Ca2+-dependent biofilm develop-
ment in sea water. Proc Natl Acad Sci U S A 100:14357-14362
Huang Q, Wu H, Cai P, Fein JB, Chen W (2015) Atomic force
microscopy measurements of bacterial adhesion and biofilm for-
mation onto clay-sized particles. Sci Rep-UK 5:16857

de Caire GZ, De Cano MS, De Mule MZ, Palma R, Colombo K
(1997) Exopolysaccharide of Nostoc muscorum (Cyanobacteria)
in the aggregation of soil particles. J Appl Phycol 9:249-253
Carrasco L, Caravaca F, Azcon R, Roldan A (2009) Soil acidity
determines the effectiveness of an organic amendment and a na-
tive bacterium for increasing soil stabilisation in semiarid mine
tailings. Chemosphere 74:239-244

Rossi F, Li H, Liu Y, De Philippis R (2017) Cyanobacterial inoc-
ulation (cyanobacterisation): perspectives for the development ofa
standardized multifunctional technology for soil fertilization and
desertification reversal. Earth-Sci Rev 171:28-43

Raanan H, Felde VI, Peth S, Drahorad S, Ionescu D, Eshkol G,
Treves H, Felix-Henningsen P, Berkowicz SM, Keren N (2016)
Three-dimensional structure and cyanobacterial activity within a
desert biological soil crust. Environ Microbiol 18:372-383

Issa OM, Défarge C, Trichet J, Valentin C, Rajot J-L (2009)
Microbiotic soil crusts in the Sahel of Western Niger and their
influence on soil porosity and water dynamics. Catena 77:48-55
Greene R (1992) Soil physical properties of three geomorphic
zones in a semi-arid mulga woodland [Acacia aneura]. Aust J
Soil Res 30:55-69

Eldridge DJ (2003) Biological soil crusts and water relations in
Australian deserts. In: Belnap J, Lange OL (eds) Biological soil
crusts: structure, function, and management. Springer, Berlin, pp
327-337

Felde VIMNL, Rossi F, Colesie C, Uteau-Puschmann D, Horne R,
Felix-Henningsen P, De Philippis R, Peth S (2016) Pore charac-
teristics in biological soil crusts are independent of extracellular
polymeric substances. Soil Biol Biochem 103:294-299

Pluis J (1994) Algal crust formation in the inland dune area,
Laarder Wasmeer, the Netherlands. Vegetation 113:41-51
Flemming H-C, Wingender J (2010) The biofilm matrix. Nat Rev
Microbiol 8:623-633

Rossi F, Micheletti E, Bruno L, Adhikary SP, Albertano P, De
Philippis R (2012) Characteristics and role of the exocellular

89

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

polysaccharides produced by five cyanobacteria isolated from
phototrophic biofilms growing on stone monuments. Biofouling
28:215-224
Colica G, Li H, Rossi F, Philippis RD, Liu Y (2015)
Differentiation of the characteristics of excreted extracellular
polysaccharides reveals the heterogeneous primary succession
of induced biological soil crusts. J Appl Phycol 27:24-32
Redmile-Gordon M, Brookes P, Evershed R, Goulding K, Hirsch
P (2014) Measuring the soil-microbial interface: extraction of ex-
tracellular polymeric substances (EPS) from soil biofilms. Soil
Biol Biochem 72:163-171
Lagier J-C, Million M, Hugon P, Armougom F, Raoult D (2012)
Human gut microbiota: repertoire and variations. Front Cell Infect
Mi 2:136
Antunes LCS, Poppleton D, Klingl A, Criscuolo A, Dupuy B,
Brochier-Armanet C, Beloin C, Gribaldo S (2016)
Phylogenomic analysis supports the ancestral presence of LPS-
outer membranes in the Firmicutes. Elife 5:e14589
Poppleton DI, Duchateau M, Hourdel V, Matondo M, Flechsler J,
Klingl A, Beloin C, Gribaldo S (2017) Outer membrane proteome
of Veillonella parvula: a diderm Firmicute of the human
microbiome. Front Microbiol 8:1215
Whitfield C, Larue K (2008) Stop and go: regulation of chain
length in the biosynthesis of bacterial polysaccharides. Nat
Struct Mol Biol 15:121-123
Whitfield C (2010) Polymerases: glycan chain-length control. Nat
Chem Biol 6:403-404
Rosenow C, Esumeh F, Roberts IS, Jann K (1995)
Characterization and localization of the KpsE protein of
Escherichia coli K3, which is involved in polysaccharide export.
J Bacteriol 177:1137-1143
Bachtiar BM, Coloe PJ, Fry BN (2007) Knockout mutagenesis of
the kpsE gene of Campylobacter jejuni 81116 and its involvement
in bacterium-host interactions. FEMS Immunol Med Mic 49:149—
154
Muhammadi AN (2007) Genetics of bacterial alginate: alginate
genes distribution, organization and biosynthesis in bacteria.
Curr Genomices 8:191-202
Rendueles O, Garcia-Garcera M, Néron B, Touchon M, Rocha EP
(2017) Abundance and co-occurrence of extracellular capsules
increase environmental breadth: implications for the emergence
of pathogens. PLoS Pathog 13:e¢1006525
Putker F, Bos MP, Tommassen J (2015) Transport of lipopolysac-
charide to the Gram-negative bacterial cell surface. FEMS
Microbiol Rev 39:985-1002
Ruiz N, Gronenberg LS, Kahne D, Silhavy TI (2008)
Identification of two inner-membrane proteins required for the
transport of lipopolysaccharide to the outer membrane of
Escherichia coli. Proc Natl Acad Sci U S A 105:5537-5542
Benedet M, Falchi FA, Puccio S, Di Benedetto C, Peano C, Polissi
A, Deho G (2016) The lack of the essential LptC protein in the
trans-envelope lipopolysaccharide transport machine is
circumvented by suppressor mutations in LptF, an inner mem-
brane component of the Escherichia coli transporter. PloS One
11:¢0161354
Allison SD, Martiny JBH (2008) Resistance, resilience, and re-
dundancy in microbial communities. Proc Natl Acad Sci U S A
105:11512-11519
Jones RT, Robeson MS, Lauber CL, Hamady M, Knight R, Fierer
N (2009) A comprehensive survey of soil acidobacterial diversity
using pyrosequencing and clone library analyses. ISME J 3:442—
453
Lauber CL, Hamady M, Knight R, Fierer N (2009)
Pyrosequencing-based assessment of soil pH as a predictor of soil
bacterial community structure at the continental scale. Appl
Environ Microbiol 75:5111-5120

@ Springer



Cania B. et al.

111,

112,

113.

114,

115.

Wilhelm RC, Niederberger TD, Greer C, Whyte LG (2011)
Microbial diversity of active layer and permafrost in an acidic
wetland from the Canadian High Arctic. Can J Microbiol 57:
303-315

Santofimia E, Gonzalez-Toril E, Lopez-Pamo E, Gomariz M,
Amils R, Aguilera A (2013) Microbial diversity and its relation-
ship to physicochemical characteristics of the water in two ex-
treme acidic pit lakes from the Iberian Pyrite Belt (SW Spain).
PLoS One 8:e66746

Jones DS, Lapakko KA, Wenz ZJ, Olson MC, Roepke EW,
Sadowsky MJ, Novak PJ, Bailey JV (2017) Novel microbial as-
semblages dominate weathered sulfide-bearing rock from copper-
nickel deposits in the Duluth complex, Minnesota, USA. Appl
Environ Microbiol 83:e00909-00917

Kielak AM, Castellane TC, Campanharo JC, Colnago LA, Costa
OY, Da Silva MLC, Van Veen JA, Lemos EG, Kuramae EE (2017)
Characterization of novel Acidobacteria exopolysaccharides with
potential industrial and ecological applications. Sci Rep-UK 7:
41193

Rampadarath 8, Bandhoa K, Puchooa D, Jeewon R, Bal S (2017)
Early bacterial biofilm colonizers in the coastal waters of
Mauritius. Electron J Biotechn 29:13-21

@ Springer

90

116.

117.

118.

119,

120.

121.

Prieto-Barajas CM, Valencia-Cantero E, Santoyo G (2017)
Microbial mat ecosystems: structure types, functional diversity,
and biotechnological application. Electron J Biotechn 31:48-56
Mogul R, Vaishampayan P, Bashir M, McKay CP, Schubert K,
Bornaccorsi R, Gomez E, Tharayil S, Payton G, Capra J (2017)
Microbial community and biochemical dynamics of biological soil
crusts across a gradient of surface coverage in the central Mojave
desert. Front Microbiol 8:1974

De Vries M, Scholer A, Ertl J, Xu Z, Schloter M (2013)
Metagenomic analyses reveal no differences in genes involved
in cellulose degradation under different tillage treatments. FEMS
Microbiol Ecol 91:fiv069

Wooley JC, Godzik A, Friedberg I (2010) A primer on
metagenomics. PLoS Comput Biol 6:1-13

Fierer N (2017) Embracing the unknown: disentangling the com-
plexities of the soil microbiome. Nat Rev Microbiol 15:579-590
Lammel DR, Barth G, Ovaskainen O, Cruz LM, Zanatta JA, Ryo
M, de Souza EM, Pedrosa FO (2018) Direct and indirect effects of’
a pH gradient bring insights into the mechanisms driving prokary-
otic community structures. Microbiome 6:106



Supplementary Materials for Publication 1

91



100 —

60 —

40 Location, time

Chicken Creek, TO
Chicken Creek, T1
Chicken Creek, T2

Lieberose, TO

Estimated average coverage [%]

20

Lieberose, T1

Lieberose, T2

T T
1e+06 1e+08 1e+10

Sequencing effort [bp]

Fig. S1 Nonpareil estimation of diversity coverage in available metagenomic datasets. Nonpareil employs
read redundancy to assess dataset complexity and the amount of sequences needed to achieve a desired
level of coverage. Datasets that are more complex require larger sequencing effort to achieve the same
level of coverage as less complex datasets. Thus, curves located rightward in the plot correspond to more
diverse datasets than curves positioned on the left. Circles on curves represent the actual level of coverage

achieved by the sequencing depth of each dataset.
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Fig. 54 Exemplary pictures of the Chicken Creek catchment (a) and the inland dune near Lieberose (b), as
well as biocrusts after four (c+e) and ten months (d+f) of development on soil from Chicken Creek (c+d)

or Lieberose (e+f).
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Fig. S5 Up (a-d): Computed tomography (CT) example images of biocrusts and the underlying soil
originating from the Chicken Creek catchment and incubated for ten months. The pictures show an
undisturbed sample from the top (a) and the sides (b-d). The side pictures present both the biocrusts and
the underlying soil in the ratio of 50:50. Down (e): Euler number for pore size classes of 15 to 291 um in

biocrusts and the underlying soil calculated using the above CT images.
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Fig. S7 Functional classification of bacterial reads according to COG functional categories.
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Table S2 Influence of soil substrate (location), incubation time (time) and their interaction, on the relative
abundances of the dominant bacterial families, as determined by a robust 2-way ANOVA. Effect sizes (w?)
and significance levels were calculated based on triplicates (n = 3). Significance levels are represented by

the amount of stars: 1 - p<0.05,2 - p<0.01, 3-p<0.001.

ANOVA (omega squared and significance levels)

Location Time Location x Time
Burkholderiaceae 0.01 ns 0.94 *** 0.00 ns
Ktedonobacteraceae 0.43 *** (.22 *** 0.21 ***
Oscillatoriaceae 0.34 *** (.34 **x* 0.25 ***

Leptolyngbyaceae 0.32 *** (.39 *** 0.15 ***
Bradyrhizobiaceae 0.35 *¥** (41 **+ 0.22 ***

Comamonadaceae 0.00 ns 0.91 *** 0.02 ns
Acidobacteriaceae 0.51 *** (0,22 *** 0.20 ***
Moraxellaceae 0.00 ns 0.88 *** 0.00 ns
Sphingomonadaceae 0.31 *** 0.18 ns 0.17 ns
Microcoleaceae 0.19 *** (.39 *** 0.21 ***
Tolypothrichaceae 0.29 *** (0,14 *** 0.10 *#**
Flavobacteriaceae 0.03 ** (0.89 *** 0.01 ns
Streptomycetaceae  0.23 *** (.58 *** 0.02 ns
Nostocaceae 0.21 *** (.25 *** 0.09 *
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Table S5 Influence of soil substrate (location), incubation time (time) and their interaction, on the relative
abundances of bacterial reads assigned to genes encoding for proteins involved in EPS and LPS synthesis
and excretion, as determined by a robust 2-way ANOVA. Effect sizes (w?) and significance levels were
calculated based on triplicates (n = 3). Significance levels are represented by the amount of stars: 1 —p <

0.05,2 - p <0.01, 3 - p < 0.001.

ANOVA (omega squared and significance levels)

Location Time Location x Time

wza 0.05 * 0.81 *** 0.04 *
wcaB 0.11 ns 0.66 *** 0.06 ns
wcaF 0.20 *** 0.59 *** 0.07 ***
weaK/ams) 0.00 ns 0.48 ns 0.00 ns
kpsE 0.18 * 0.53 *** 0.01 ns
alg) 0.07 ns 0.09 ns 0.00 ns
sacB 0.13 ns 0.00 ns 0.01 ns
wzt 0.23 ** 0.33 *** 0.33  ***
IptC 0.05 ns 0.57 *¥** 0.00 ns
IptF 0.21 ns 0.19 ns 0.12 ns
IptG 017 * 032 * 0.13 ns

105



License agreement for Publication 1

SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Nov 09, 2020

This Agreement between Ms. Barbara Cania ("You") and Springer
Nature ("Springer Nature") consists of your license details and the terms
and conditions provided by Springer Nature and Copyright Clearance

Center.
License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Type of Use

Requestor type

Format

Portion

Will you be translating?
Circulation/distribution

Author of this Springer
Nature content

Title

Institution name

Expected presentation
date

Requestor Location

Total

4901370153171
Sep 03, 2020

Springer Nature

Microbial Ecology

Biological Soil Crusts from Different Soil
Substrates Harbor Distinct Bacterial Groups
with the Potential to Produce
Exopolysaccharides and Lipopolysaccharides

Barbara Cania et al

Aug 1,2019

Thesis/Dissertation

academic/university or research institute
print and electronic

full article/chapter

no

1-29

yes

Bacterial polysaccharides as drivers of soil
aggregation
Technische Universitit Miinchen

Sep 2020

Ms. Barbara Cania
Moorkamp 2

Kiel, 24106
Germany
Attn: Ms. Barbara Cania

0.00 EUR

106



B Publication 2

107



Cania et al. Environmental Microbiome (2019) 1421 EnVirOﬂ mental MIC robiome
https://doi.org/10.1186/540793-019-0341-7

RESEARCH ARTICLE Open Access

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

Barbara Cania', Gisle Vestergaard'*, Maike Krauss®, Andreas Fliessbach?, Michael Schloter'? and Stefanie Schulz' ®

Abstract

Background: Stable soil aggregates are essential for optimal crop growth and preventing soil erosion. However, tillage
is often used in agriculture to loosen the soil, which disrupts the integrity of these aggregates. Soil aggregation can be
enhanced by bacteria through their ability to produce exopolysaccharides and lipopolysaccharides. These compounds
stabilize soil aggregates by “gluing” soil particles together. However, it has yet to be shown how tillage influences the
bacterial potential to produce aggregate-stabilizing agents. Therefore, we sampled conventional and reduced tillage
treatments at 0-10cm, 10-20cm and 20-50cm from a long-term field trial in Frick, Switzerland. We compared the
stable aggregate fraction of the soil and the bacterial potential to produce exopolysaccharides (EPS) and
lipopolysaccharides (LPS) under different tillage regimes by employing a shotgun metagenomic approach. We
established a method which combines hidden Markov model searches with blasts against sequences derived from the
Kyoto Encyclopedia of Genes and Genomes database to analyze genes specific for the biosynthesis of these compounds.

Results: Our data revealed that the stable aggregate fraction as well as the bacterial potential to produce EPS and LPS
were comparable under both ftillage regimes. The highest potential to produce these compounds was found in the
upper soil layer, which was disturbed by tillage, but had higher content of organic carbon compared to the layer below
the tillage horizon. Additionally, key players of EPS and LPS production differed at different sampling depths. Some
families with high potential to produce EPS and LPS, such as Chitinophagacege and Bradyrhizobiaceae, were more
abundant in the upper soil layers, while others, e.g. Nitrospiraceae and Planctomycetaceae, preferred the lowest sampled
soil depth. Each family had the potential to form a limited number of different aggregate-stabilizing agents.

Conclusions: Our results indicate that conventional tillage and reduced tillage equally promote the bacterial potential to
produce EPS and LPS in the tillage horizon. However, as major bacterial groups triggering EPS and LPS formation were
not the same, it is likely that gene expression pattern differ in the different treatments due to various pathways of gene
induction and transcription in different bacterial species.

Keywords: Tillage, Soil aggregates, Exopolysaccharides, Lipopolysaccharides, Soil microbiome, Metagenomics, wza, [ptf, IptG
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Background

Globally, 33% of land resources have been classified as
moderately to highly degraded [1]. The main causes of soil
degradation are poor agricultural management practices,
such as conventional tillage (CT), which lead to erosion,
loss of soil organic carbon and nutrient imbalance [2]. It
turns out that a combination of reduced tillage (RT) and
organic farming (OF) is a good compromise to diminish
the aforementioned problems [3-5]. However, RT is still
not commonly used by organic farmers due to increased
weed pressure, topsoil compaction and restricted N
availability, which may compromise yield [6, 7]. As even
one-time ploughing may counteract the benefits of RT,
these practices need to be developed further under
long-term OF [8, 9].

One of the advantages of RT over CT practices is the
better preservation of soil aggregates [10, 11]. The pres-
ence of stable aggregates defines good soil structure, which
improves crop growth and prevents erosion [12, 13]. The
stability of aggregates strongly depends on their size.
Microaggregates (< 250 pm) form slower than macroaggre-
gates (> 250 um), but they are also more stable, even under
unfavorable soil management systems [14, 15]. Aggregate
formation results from complex interactions between soil
fauna, microorganisms, roots, inorganic binding agents
and different environmental variables. Fungi have been
considered as the most important microorganisms
involved in the formation of macroaggregates due to their
hyphal structure [15, 16]. In contrast, bacteria are of
higher importance for soil aggregation at the microscale,
as they are capable of synthesizing exopolysaccharides
(EPS) and lipopolysaccharides (LPS), which act as “glue”
for soil particles [15, 16]. Bacteria use these compounds
for cell attachment to mineral surfaces, which fosters the
formation of composite building units and microaggre-
gates [15-17]. While EPS are a very diverse group of
high-molecular-weight polymers composed of sugar
residues, LPS share a common structure. The number of
possible EPS structures is almost infinite [18]. Most EPS
are initially synthesized intracellularly and then secreted to
the external environment, which requires the contribution
of at least three gene families: I) genes encoding for en-
zymes involved in biosynthesis of nucleotide sugars, II)
genes encoding for glycosyltransferases, which catalyze
transfer of the nucleotide sugars from activated donor
molecules to specific acceptors in the plasma membrane,
and III) genes encoding for proteins involved in EPS
assembly and export [19]. Alternatively, EPS can be
synthesized extracellularly by different synthase pro-
teins [20]. Most enzymes involved in the EPS biosyn-
thesis are strain-specific and can catalyze multiple
metabolic processes.

LPS are glycolipids that are comprised of a lipid moiety
(lipid A) and a polysaccharide (composed of O-antigen,

Page 2 of 14

outer core and inner core), both with variable structures
[21]. These parts are synthesized independently inside a
cell, and then ligated together at the inner membrane,
forming a mature LPS. The mature molecule is trans-
ported to the cell surface by several proteins that
form an LPS export complex. As in EPS biosynthesis,
very few of these proteins are conserved and catalyze
LPS production only [22].

The gluing properties of both types of polysaccharides
could be crucial in agricultural soils, as it was demon-
strated that even slight changes in the sugar composition
drastically changed the physical properties of the polysac-
charide [18]. Consequently, tillage might not only change
the bacterial community composition in soil [23], but also
the composition of EPS/LPS, and thus affect aggregate
stability and de novo formation after disturbance.

The synthesis of EPS and LPS requires both high levels
of energy and easily accessible carbon. Especially under
CT, reduced soil organic carbon stocks have been
frequently observed [4, 23, 24]. Therefore, we hypothe-
sized that under long-term CT, abundance of EPS and
LPS forming bacteria would be reduced compared to
RT. To investigate this, high-throughput shotgun se-
quencing was used to obtain metagenomic information
on microbiomes of three soil layers (0-10 ¢cm, 10-20 cm
and 20-50 ¢cm) under RT and CT management from a
long-term organic field trial in Frick (Switzerland). To
analyze genes specific for EPS and LPS production, we
used an approach which combined hidden Markov
model (HMM) searches with blasts against sequences
derived from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. As we investigated bacterial
potentials samples were taken in spring where an
influence of plants and fertilization could be excluded.

Materials and methods

Site description and soil sampling

Soil samples were taken from a long-term trial in Frick,
Switzerland (47°30°'N, 8°01°E, 350 m a.s.L.), established in
2002 by the Research Institute of Organic Agriculture
(FiBL). The site was under conventional management
until 1995, when it changed to organic standards in
accordance with the European Union Regulation (EEC) No.
2092/91. The mean annual precipitation and temperature
are 1000 mm and 8.9 °C, respectively. The soil is a Stagnic
Eutric Cambisol with a pH of 7.1 and composed of 22%
sand, 33% silt and 45% clay. The factorial design in-
cludes the factors tillage, fertilisation and biodynamic
preparations and has been described in detail by Berner
et al. [3].

In this study, only the two tillage treatments were
compared: conventional tillage (CT) with a mouldboard
plough operating at 15-18 cm depth, and reduced tillage
(RT) with a chisel and a skim plough (5-10 ¢cm) used to
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loosen the soil. In both systems, seedbed preparation
was performed with a rotary harrow running at a depth
of 5cm. The usage of standard farming equipment was
made possible by the plot size (12m x 12 m). The plots
were arranged in a strip-split-plot design.

Samples were taken from three out of four replicated
plots per tillage system in the slurry fertilized plots
without biodynamic preparations in March 2015 in a
green manure ley, before tillage and subsequent maize
cropping started. In 2014, winter wheat was harvested in
July, followed by the seeding of a green manure mixture
(Orgamix DS, Trifolium incarnatum, Vicia villosa, Avena
sativa) in August, which was harvested in April 2015.
All plots were fertilized with slurry during the wheat
growing season in 2014 (the exact dates and fertilization
details are summarized in Additional file 1). Soil samples
were taken using a soil auger with a diameter of 2.5 cm.
Approximately 10 cores per plot were sampled to a soil
depth of 50cm. Each soil core was divided into three
layers: 0-10 cm, 10-20 cm and 20-50 cm. Samples from
the same layer of each plot were homogenized, resulting
in 18 samples (3 depths x 2 tillage treatments x 3 plot
replicates). The samples were directly cooled in the field
and either processed immediately (biochemical analyses)
or stored in —20°C until processing (DNA extraction
and sequencing).

Physical, chemical and major biological properties of soils
We determined the stable aggregate fraction (SAF) of
the soils by a wet sieving technique, where 5 g of moist
soil was immersed in water using a sieving apparatus ac-
cording to Murer et al. [25]. After 5 min of moving the
sieves up and down in the water phase, the remainder
on the sieve consisting of aggregates and particles > 0.25
mm was dried at 105°C. The aggregates were then
destroyed by adding a 0.1 M Na,P,0O; solution, leaving
only particles > 0.25 mm (sand and organic debris) on the
sieve that were dried again. Apart from using moist soil
without further fractionation, the method follows the de-
tails as given by Murer et al. [25].

Soil organic carbon (SOC) concentration was deter-
mined by wet oxidation of 1g of air-dried and ground
soil in 20 ml of concentrated H,SO,4 and 25 ml of 2M
K,Cr,05. The determination of dissolved organic carbon
(DOC) and microbial biomass carbon (Cmic) was
accomplished by means of a chloroform fumigation
extraction method (CFE) using 20 g of moist soil, sieved
on a 5mm sieve. 0.5 M K;SO, solution was added at
a weight to volume (w/v) ratio of 1:4. Subsequently,
measurements were performed using a TOC/TNb
analyzer (Analytik Jena AG, Germany). DOC was deter-
mined from the non-fumigated samples, and Cmic was
calculated as a difference between the fumigated and the
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non-fumigated samples. The assessment of SOC and
Cmic was described in detail by Krauss et al. [23].

DNA extraction and sequencing

Total nucleic acids were directly extracted from 0.5 g of fro-
zen soil according to the phenol-chloroform based DNA/
RNA coextraction protocol described by Lueders et al. [26].
Beat beating was performed by means of CKMix tubes and
a Precellys24 homogenizer (Bertin Technologies, France).
Extracted DNA was checked for purity using a NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific, USA).
The quantity was also verified by means of a Quant-iT
PicoGreen dsDNA Assay Kit (Life Technologies,
USA). Extracted DNA was then stored in —20°C until
further processing.

One microgram of DNA from each sample was sheared
using an E220 Focused-ultrasonicator (Covaris, USA),
following the manufacturer’s guideline for the target size
of 500 bp (conditions: peak incident power — 175 W, duty
factor — 5%, cycles per burst — 200, treatment time — 355,
temperature — 7 °C, water level — 6, sample volume —
50 ul, intensifier — yes). Libraries were prepared with
50-100 ng of the sheared DNA, using a NEBNext Ultra
DNA Library Prep Kit for Illumina, and NEBNext Multi-
plex Oligos for Illumina (New England Biolabs, UK) as
barcodes. According to the manufacturer’s manual, the
NEBNext Adaptor from Illumina was diluted 10-fold to
prevent the occurrence of dimers. Size selection was per-
formed with Agencourt AMPure XP beads (Beckman
Coulter, USA), using the volumes selecting for libraries
with 400-500 bp inserts. The AMPure XP beads were also
used for cleanup of PCR amplification and a following
additional cleanup step to eliminate the residual primer
dimers (1:0.6 DNA to bead ratio).

Library size was estimated using High Sensitivity DNA
Analysis Kits together with a 2100 Bioanalyzer (Agilent,
USA). DNA concentration was subsequently assessed by
means of a Quant-iT PicoGreen dsDNA Assay Kit.
Libraries were then diluted to a concentration of 4 nM
each and pooled equimolar. 10 pM of the mixture was
spiked with 30% PhiX, used as a quality and calibration
control [27], and sequenced on a MiSeq sequencer using
a MiSeq Reagent Kit v3 for 600 cycle (Illumina, USA).

Data filtering and taxonomic analysis

Raw sequencing data attained from the MiSeq was
filtered according to Vestergaard et al. [28] by removing
remnant adaptor sequences and trimming the reads.
This was accomplished by using AdapterRemoval [29]
set to: 5'/3" terminal minimum Phred quality = 15, mini-
mum read length = 50. PhiX contamination was removed
using DeconSeq [30]. For taxonomic annotation, filtered
reads were blasted against the National Center for
Biotechnology Information Non-Redundant (NCBI-NR)
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protein sequences database (October 2015) using
Diamond (version 0.5.2.32) with sensitive parameters
[31]. Based on the top 25 blast results (i.e. hits with the
lowest e-value), a unique taxon ID was assigned to each
filtered read with the MEtaGenome Analyzer software
(MEGAN, version 5.10.6) [32]. During the MEGAN
analysis, the following parameters were applied: Min-
Score =50.0, MaxExpected =0.01, TopPercent =10.0,
MinSupport = 1, MinComplexity = 0. Additionally, 16S
rRNA gene sequences were identified using SortMeRNA
(version 2.0) [33]. Taxonomy was assigned to those reads
using QIIME (version 1.9.1) [34] based on the SILVA
database (release 123).

Functional analysis

Protein sequences associated with EPS and LPS biosyn-
thesis and excretion were downloaded directly from the
online Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology database (October 2016). They were
examined for the presence of function-specific con-
served domains using CD-search [35]. KEGG Orthology
(KO) entries which contained such domains were then
used to construct specific databases by means of
Diamond. Hidden Markov models (HMMs) of cor-
responding conserved domains were obtained from the
TIGRFAMSs database (version 15) [36] and the Pfam
database (version 30) [37]. FragGeneScan (version 1.19)
[38] was used on the filtered sequencing reads to predict
open-reading frames, which were subsequently scanned
with HMMER (version 3) (hmmer.org). Reads matching
the downloaded HMMs (E-value threshold = 10~ %), were
blasted against the self-built KO databases. A KO ID
was assigned to those reads for which the top 25 blast
results were consistent. The specificity of this approach
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was verified by using blastx against the Non-redundant
protein sequences (nr) database. Out of 81 examined
KO numbers (67 for EPS and 14 for LPS), 14 gave suffi-
ciently specific results. The results were considered suffi-
ciently specific if 25 randomly selected reads (or all if
less reads were assigned) per a KO number were
assigned to the function of interest. Analysis of EPS and
LPS biosynthesis and excretion was performed using
separate databases. Open-reading frames of the assigned
reads were searched against the full Pfam and TIGR-
FAMs databases. This resulted in 81.8% of the reads
matching the downloaded HMMs. All examined KO
numbers are listed in Additional file 2 and the HMMs
and KO numbers used for the analysis are summarized
in Table 1.

Statistical analysis and data visualization

All statistical analyses were conducted using R version 3
[39]. Metagenomic datasets were analyzed based on rela-
tive abundances of reads. These were obtained by divid-
ing the number of reads assigned to a gene or organism
by the total number of filtered reads per sample, and
multiplying by 100. Effects of tillage, depth and their
possible interaction were detected by multilevel models.
For this purpose, the Ime function from the nlme pack-
age was used [40]. The influence was considered sig-
nificant when the p-value was below 5% (P <0.05).
Differences between sampled depths were identified by
setting the following contrasts: 0-20cm vs 20-50 cm
and 0-10cm vs 10-20 cm. For data derived from the
metagenomic datasets, the Benjamini-Hochberg pro-
cedure was performed prior to analyzing contrasts. The
Shannon-Wiener index was calculated using the alpha.
div function of the R asbio package to measure diversity

Table 1 Proteins related to exo- and lipopolysaccharide production with corresponding KO numbers, HMM IDs and genes

Protein KO number HMM 1D Gene
polysaccharide export outer membrane protein Wza K01991 PF0O2563 wza
alginate export outer membrane protein AlgE K16081 PF13372 algt
alginate biosynthesis acetyltransferase Alg) K19295 PF16822 alg)
colanic acid biosynthesis acetyltransferase WcaB K03819 TIGRO4016 wcaB
colanic acid biosynthesis acetyltransferase WcaF K03818 TIGRO4008 weaf
colanic acid/amylovoran biosynthesis pyruwyl transferase Wcak/Ams) K16710 TIGR0O4006 weakfams)
capsular polysaccharide export system permease KpsE K10107 TIGRO1010 kpsE
exopolysaccharide biosynthesis transmembrane protein EpsG K1g419 PF14897 epsG
exopolysaccharide biosynthesis tyrosine kinase modulator EpsA K19420 TIGRO1006 epsA
levansucrase SacB Ko0e92 PF0O2435 sacB
lipopolysaccharide transpert system ATP-binding protein Wzt K09691 PF14524 wzt
LptBFGC lipopolysaccharide export complex permease LptF KO7091 TIGR0O4407 IptF
LptBFGC lipopolysaccharide export complex permease LptG K11720 TIGR0O4408, PFO3739 IptG
LptBFGC lipopolysaccharide export complex inner membrane protein LptC K11719 TIGRO4409, PF06835 IptC
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within the samples [41]. To visualize the level of dissimi-
larity between the samples, non-metric multidimensional
scaling (NMDS) ordination plots were created based on
the Bray-Curtis distance metrics, using the metaMDS
function in the R vegan package [42]. The core micro-
biomes were identified by means of InteractiVenn [43].
For the purpose of calculating these cores, a family was
recognized as present in a treatment only if it was
detected in at least two out of three replicates.

Results

Soil properties

The stable aggregate fraction (SAF) of the soil, soil or-
ganic carbon (SOC), dissolved organic carbon (DOC)
and microbial biomass carbon (Cmic) data is sum-
marized in Table 2. Aggregate stability was highest in the
20-50 cm depth, and did not differ significantly between
the upper depths. It was also not significantly influenced
by tillage. SOC stocks decreased with depth, and were
higher in the 0-20 cm depth under RT compared to CT.
DOC concentrations were highest in the 0-10cm depth
under RT, and showed little difference between the other
samples. Microbial biomass decreased with depth, and
was more stratified under RT. In the 0-10 cm depth, Cmic
values were higher under RT.

Shotgun sequencing characteristics

Shotgun sequencing of the 18 libraries, prepared from
two tillage treatments — conventional (CT) and reduced
(RT) — sampled at three depths (0-10 cm, 10-20 cm and
20-50 cm) from three independent plots treated as repli-
cates, generated 11.8 gigabases of data in total. This
corresponded to 39.307.875 filtered reads with an
average length after trimming of 297 bp. Details of the
sequencing run are summarized in Additional file 3.

Taxonomic analysis of the general bacterial community

When all filtered reads were blasted against the
NCBI-NR database, 55.8% were assigned to Bacteria,
1.2% to Archaea, 1.3% to Fungi and 41.7% to others.
Further analysis focused on bacteria and was conducted
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at the level of family, at which 21.1% of filtered reads
were assigned. In total, bacteria comprised 296 families.

The non-metric multidimensional scaling (NMDS)
ordination plot (Additional file 4A) showed a difference
between the composition of bacterial families originating
from the deepest sampled soil layer (20-50 cm) and the
upper soil layers (0-10 cm and 10-20 cm), but revealed
no clear separation of the tillage treatments. This was
confirmed by means of a multilevel model. Abundances
of 103 families were influenced by depth, while none
was affected by tillage, and one by the interaction of
both factors. The full list of impacted families can be
taken from Additional file 5.

In-depth analysis of the effects of tillage, depth and
their interaction on the general community structure
was performed on dominant families whose abundance
exceeded 0.5% (Fig. la). The most abundant family,
Anaerolineaceae, together with Nitrospiraceae, were
found mainly in 20-50 cm. Chitinophagaceae, Bradyrhi-
zobiaceae, Polyangiaceae and Cytophagaceae had higher
abundance in 0-20 cm. Planctomycetaceae, Acidobacte-
riaceae, Verrucomicrobia subdivision 3, Flavobacteriaceae
and Solibacteraceae were not significantly influenced by
either depth or tillage.

The results from the taxonomic analysis encompassing
the entire metagenomic datasets were supported by
SILVA’s taxonomic annotations of the 16S rRNA gene.
Of all filtered reads, 0.21% were assigned to the 165
rRNA gene. With both approaches, the bacterial com-
munities showed similar distribution patterns and one
third of the dominant families remained the same, with
Anaerolineaceae staying the most abundant, regardless
of the assignment method used (Additional file 6).

Relative abundances of genes catalyzing EPS and LPS
synthesis and excretion

An approach combining hidden Markov model (HMM)
searches with blasts against sequences derived from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base was used to target genes specific for the biosynthesis
and excretion of alginate, colanic acid, levan and other
EPS, as well as LPS (Table 1). Sufficient coverage of the

Table 2 Stable aggregate fraction of the soil, carbon stocks and microbial biomass

Tillage Conventional Reduced

Depth 0-10cm 10-20cm 20-50cm 0-10cm 10-20cm 20-50cm

SAF (%) 56.19 + 898 4858 + 305 6521 + 962 5035 £ 830 5152+ 673 69.02 + 226
SOC (9)* 230+ 041 215+£033 125+ 037 292 +0.28 231026 123 +£022
DOC (mg kg™ bl 6244 + 979 5361 + 1584 5841+ 1023 9949 + 1984 6232 + 762 5197 + 845
Cric (mg kg " 981.81 + 158.92 849.18 £ 106.23 35212+ 12146 1306.73 £ 122.07 932.26 £ 67.23 37475 + 5822

SAF Stable aggregate fraction, SOC Soil organic carbon, DOC Dissolved organic carbon, and Cmic microbial biomass carbon values of soils under two tillage
systems, sampled at three different depths. Average values and standard deviations (+) are calculated based on triplicates (n = 3). Detected influence (p < 0.05) is

symbolized for depth (*) or interaction of tillage and depth (#), respectively
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diversity of the analyzed genes was confirmed by perfor-
ming explanatory rarefaction analysis (Additional file 7).
In total, the investigated genes comprised 0.018% of all
filtered reads (Fig. 2). Dominant genes, with a relative
abundance above 0.005% of total reads, were wza, IptF
and IptG, which encode for an outer membrane protein
responsible for EPS excretion, and permeases of the
LptBFGC LPS export system, respectively. Moderately

abundant genes (>0.001%) were wcaB, wcaF (encoding
for a colanic acid biosynthesis acetyltransferases) and
wzt (a gene which encodes for an ATP-binding protein
of the LPS O-antigen transport system). Genes algE,
algl, weaKlams], epsA, epsG, sacB and IptC were the
least abundant, with just a few reads annotated. Multi-
level model analysis revealed depth as the main factor
affecting the distribution pattern of the investigated
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Fig. 2 Genes encoding for proteins invelved in biosynthesis of EPS and LPS. Relative abundances of genes encoding for proteins involved in
biosynthesis of EPS and LPS in soils under two tillage managements, sampled at three different depths. Functional genes were assigned using
hidden Markov models (HMMs) obtained from the TIGRFAMs and Pfam databases, and then sequences derived from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthology database. Significant differences in the amount of annotated reads were determined by a multilevel
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genes. Specifically, the relative abundance of weaF and
IptFG decreased with depth by half. In addition, the epsA
gene (encoding for an EPS biosynthesis tyrosine kinase
modulator) was influenced by interaction of depth and
tillage. This gene was more abundant in 0-10 ¢cm under
RT, compared to 20-50 cm under CT, and no reads were
detected in 10-20cm under both CT and RT. The
majority of the analyzed genes, namely wza, algE], weaB,
weaK/ams], kpsE, epsG, sacB, wzt and [ptC, were not
significantly affected by either tillage or depth.

Investigation of potential EPS/LPS producers

One hundred thirty-eight bacterial families harbored
the investigated genes, including all dominant families
(Fig. 1b). The highest numbers of sequences related to
EPS and LPS synthesis and excretion (>0.001%) were
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assigned to Chitinophagaceae, Nitrospiraceae and
Planctomycetaceae. Anaerolineaceae, despite their high
abundance, harbored a very low number of copies of
the investigated genes (< 0.0002%).

The NMDS (Additional file 4B) plot once again re-
vealed depth as the main factor affecting the distri-
bution of the investigated genes among bacterial
families. However, the influence of depth was much
less pronounced than in case of the general bacterial
community (Additional file 4A). This was confirmed
with a multilevel model. The overall relative abun-
dances of the investigated genes were impacted by
depth in four families affiliated with EPS/LPS
synthesis and excretion, while tillage had no influence,
and interaction had an effect on one family only. The
full list of influenced families can be taken from
Additional file 5.

0-10cm

Anaerolineaceae
Chitinophagaceae
Planctomycetaceae
Bradyrhizobiaceae
Acidobacteriaceae
Verrucomicrobia subdivision 3
Nitrospiraceae
Flavobacteriaceae
Polyangiaceae
Solibacteraceae
Cytophagaceae

Anaerolineaceae
Chitinophagaceae
Planctomycetaceae
Bradyrhizobiaceae
Acidobacteriaceae
Verrucomicrobia subdivision 3
Nitrospiraceae
Flavobacteriaceae
Polyangiaceae
Solibacteraceae
Cytophagaceae

20-50cm

:

Anaerolineaceae
Chitinophagaceae
Planctomycetaceae
Bradyrhizobiaceae
Acidobacteriaceae
Verrucomicrobia subdivision 3
Nitrospiraceae
Flavobacteriaceae
Polyangiaceae
Solibacteraceae

o

w9 LM ok © w b
5 5% 5 78 ©8 V’E E 2 2
8z o= ¢ Y TE 2 i@ 4
3 % < £ £2 < @ s £
uE 9c ER EL Ey Ew % Ec E5
3% 28 2E 2% 38 28 £3 2% a8
To ® (3] e e @ = 2
£E 22 o2& S5 25 22 §¢ 29 23
s £ 0 oY Ov O% o t Op op
Su D¢y w§ vl TE c¥ §3 v o
CE 52 &F T BE S92 UB mo
9 § m2 UL gg L“Eg E% BE
= = = = ow =

Cars] L2 &2 s5C mw
= 2 g M M 2% = 8 &9
E E g0 C% :% L2c 2 UE ©gE
gﬂ' 1) T TU BY =0 G o5 QL
E E o® 9% £5 ¢ 3 5=
5 5 S8 55§ 2E Ze
. [ 35 > ac £
= 3] T2z = 8
3 3 S22 g BE 83
° o s = 2 25 232
v 5 [} bl

z =

= 3

] a

o @

o

CT RT CT RT CT RT CT RT CT RT CT RT CT RT CT RT CT RT CT RT CTRT CT RT CTRT CTRT

Fig. 3 Genes encoding for proteins invelved in EPS and LPS biosynthesis found in the dominant families. Heatmap representation of the mean
relative numbers of genes enceding for proteins involved in EPS and LPS synthesis and excretion found in the dominant bacterial families whose
abundance exceeded 0.5% in the samples from Frick taken at three depths. “CT" and “RT" on the x axis stand for “conventional tillage” and
“reduced tillage”, respectively. Functional genes were assigned using hidden Markov models (HMMSs) obtained from the TIGRFAMs and Pfam
databases, and then sequences derived from the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology database. Taxonomic assignment
was performed against the National Center for Biotechnology Information Non-Redundant (NCBI-NR) protein sequences database

Inner mem,

Cytophagaceae
Color Key
1 I
A 5= S
L g ¢ 59 5¢&
S t5 3 U§ 52
g ot o =)
Z 98 5E oE g3
c c@2 @ a w
T ES §% T2 T o de-04  Be-04
i g2 g
- §;5 <2 Relative abundance [%)]
T
=
S<
g
3
g
S
a
(=]
=2

LptBFGC lipopolysaccharide export complex
LptBFGC lipopolysaccharide export complex

LptBFGC lipopolysaccharide export complex

114



Cania et al. Environmental Microbiome (2019) 1421

Taxonomic affiliation of the individual genes encoding
for proteins involved in EPS and LPS biosynthesis was
analyzed using a heatmap (Fig. 3). The most abundant
genes, wza and [ptFG, were harbored by most of the
dominant families. Anaerolineaceae had neither wza nor
IptFG, but harbored the wzt gene, which is part of the
same LPS synthesis pathway. Moreover, Polyangiaceae
carried the wza gene, but showed no potential to produce
LPS. The other investigated genes were not so widely
distributed among the dominant families. In particular,
algE, epsA and sacB, encoding respectively for alginate
export outer membrane protein, exopolysaccharide
biosynthesis tyrosine kinase modulator and levansu-
crase, were not detected in any of the dominant fa-
milies. As shown by means of a multilevel model, the
gene copy numbers of weaF, epsA, sacB, wzt and [ptC
were influenced by interaction of tillage and depth in
Chitinophagaceae, Bacillaceae, Micrococcaceae, Candi-
datus Brocadiaceae and Sulfuricellaceae, whilst the
abundances of alg/ and IptC changed with depth in
Polyangiaceae and Sphingomonadaceae, respectively.

Since wza and I[ptFG were dominating among the
investigated genes, their taxonomic affiliation was
analyzed in more detail. These genes were present in a
total of 50 families associated with 11 phyla. The core
microbiomes harboring the respective genes under both
tillage treatments were identified at each sampled depth
(Fig. 4). At each depth, on average ten families carried
the respective genes under both tillage managements,
while five were unique for either CT or RT. Overall, the
three genes harbored by the core families accounted
for 22.7% of all reads assigned to all the investigated
genes, while 1.8 and 2.1% were unique for CT and RT, re-
spectively. The diversity of families carrying wza and IptG
significantly decreased with depth (Additional file 8).
Depth triggered a decrease of wza and IptFG in Chitino-
phagaceae. The relative number of wza gene copies
decreased with depth also in Flammeovirgaceae and
Labilitrichaceae. Furthermore, depth caused a decrease
of IptG in Bdellovibrionaceae, but [ptF increased in
Nitrospiraceae. Finally, the interaction of depth and
tillage affected IptG in Pseudomonadaceae. This gene
was more abundant in 0-10cm under RT, compared
to 20-50cm under CT, and no reads were detected
in the other samples.

Discussion

Different factors could affect the stable aggregate
fraction in soil

EPS and LPS are of great importance for agricultural
soils, as they reduce soil erodibility by improving soil
structure [44]. However, tillage disrupts soil aggregates
and alters soil physical and chemical properties. These
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include bulk density, pore structure, water availability
and soil organic carbon [45]. Thus, changes in bacter-
ial communities are likely to occur. This has been
reported by multiple studies [46—50]. Especially CT
disturbs bacterial habitats and dilutes nutrient pools
by mixing topsoil with subsoil. In our study, soil or-
ganic carbon (SOC), dissolved organic carbon (DOC)
and microbial biomass carbon (Cmic) had higher
values in the tillage horizon under RT compared to
CT. This corresponds to the data found in the litera-
ture [23, 51-53]. The increase of Cmic suggests that
the absolute number of bacteria capable of synthe-
sizing EPS and LPS should be higher under RT.
Thus, we assumed that the higher DOC concentra-
tions promotes bacteria which are able to produce
EPS and LPS, and that the stable aggregate fraction
(SAF) of the soil is higher under RT. Surprisingly, at
our sampling site, SAF was comparable between the
two tillage systems and increased significantly only
below the tillage horizon. However, this might be
caused by soil physical properties. Specifically, the
clay content (45%) was very high at our site.
Meta-analysis performed by Cooper et al. [7] sug-
gests that the differences between tillage systems
could be more pronounced in soils with a lower clay
content (< 40%). Building good soil structure is more
challenging in light, sandy soils, as they lack the fine
particles necessary to form stable soil aggregates
[54]. Conversely, soil biology has a strong influence
on SAF. This includes the activity of bacteria, fungi,
earthworms and plants. On one hand, the effect of
plants and earthworms is rather indirect and in-
cludes for example cast formation by earthworms or
increasing microbial activity by the release of organic
substances to the soil via the rhizosphere of plants
[15, 16]. On the other hand, bacteria and fungi dir-
ectly promote aggregate formation by the excretion
of gluing agents such as EPS, LPS and fungal glyco-
proteins, or by physical binding of soil particles by
fungal mycelium [15]. Similar to the general increase
of Cmic in the topsoil under RT, Kuntz et al. [55] also
observed higher fungal abundances in that soil layer.
While it is obvious that ploughing physically disturbs
fungal hyphae and consequently aggregates connected to
them, the effect on the bacterial potential to promote
aggregate formation can be much more subtle. Especially
EPS composition and regulation of the respective genes
is species-specific, thus a shift in the bacterial com-
munity strongly influences their potential to promote
aggregate formation. To detect changes in the bacterial
potential to produce EPS and LPS, we applied a meta-
genomic approach. As many proteins or their functional
domains from genes encoding for EPS and LPS bio-
synthesis pathways are associated with other cellular
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Fig. 4 Taxcnomic assignment of the wza, IptF and IptG genes. Mean relative abundances of the wza, Iptf and IptG genes, encoding respectively
for a polysaccharide outer membrane exporter and permeases of the LptBFGC LPS export complex, in the samples taken at three depths from
plots under conventional and reduced tillage managements. Displayed are the distributions of gene copies among bacterial families listed on the
right side of the graph. Only families found in at least two out of three replicates are presented. The color code is arranged according to the
phylogenetic affiliation of the respective families. Compared are gene abundances in families harboring the respective genes uniguely under
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Markov models (HMMs) obtained from the TIGRFAMs and Pfam databases, and then sequences derived from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology database. Taxonomic assignment was performed against the National Center for Biotechnology Information

activities as well [56], we used a pipeline combining
hidden Markov model (HMM) searches with blasts
against sequences derived from the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database to target
selected genes specific for our functions of interest.
Although the contribution of fungi to aggregate for-
mation is well accepted, our analysis exclusively focused

on bacteria due to the well-described biases of the
existing databases towards bacteria [57]. This is also
visible in our dataset, where 55.8% of sequences were
assigned to bacteria, while only 1.3% could be
assigned to fungi. Moreover, fungal genes require long
reads for accurate annotation due to many intronic
sequences [58].
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Key genes encoding for selected EPS and LPS
biosynthesis pathways

Identified as key components of the analyzed EPS
and LPS synthesis and excretion pathways were wza
and IptFG, which encode for an outer membrane
protein Wza and permeases of the LptBFGC LPS
export complex (LptF and LptG), respectively. Wza
acts as a translocation channel across the outer
membrane for a variety of exopolysaccharides in a
wide range of taxa. It is also characterized by the
presence of a very well conserved polysaccharide
export sequence domain (pfam 02563) [20]. Similarly,
LptF and LptG are essential for transport of mature
LPS to the outer membrane. These two proteins are
highly conserved among Gram-negative bacteria,
unlike another component of the LptBFGC transport
complex, LptC [59, 60]. Benedet et al. [61] recently
reported the isolation of mutants lacking LptC and
suggested its supportive role in the LPS translocation.
In our study, the respective gene, [ptC, had just a
few reads annotated and was detected in only one of
the dominant families, Nitrospiraceae, even though
all of them belong to phyla known to produce LPS
[62]. The family Nitrospiraceae is essential for nitrifi-
cation, and thus its high abundance in agricultural
soils is expected [63].

Less abundant genes were wcaBF and wzt, encoding
for the colanic acid biosynthesis acetyltransferases WcaB
and WcaF, and an ATP-binding protein Wzt of the LPS
O-antigen transport system, respectively. Relatively high
abundances of the genes from the colanic acid biosyn-
thesis pathway are not surprising, as colanic acid is one
of the most common exopolysaccharides. However, it is
also one of the exopolysaccharides secreted by Wza.
Therefore, weaBF were less abundant than wza due to
their lower universality [19]. In contrast, wzt is involved
in translocating the O-antigen to the outer leaflet of the
inner membrane where it gets ligated to the other parts
of LPS [64]. Thus, the lower abundance of wzt compared
to [ptFG can be explained by the fact that the O-antigen
is not an essential component of LPS [22].

Finally, a very low number of reads was assigned to
the other investigated genes, which catalyze the bio-
synthesis and export of alginate, colanic acid, levan
and other extracellular and capsular polysaccharides.
EPS biosynthesis pathways are generally poorly con-
served and often species or strain-specific, so this
result was expected [19, 20, 65]. Also the low abun-
dances of algE], encoding for alginate export outer
membrane protein AlgE and alginate biosynthesis
acetyltransferase Alg], were understandable because
alginate is produced by various bacteria from the ge-
nera Pseudomonas and Azotobacter [66]. These genera
belong to the family Pseudomonadaceae, which was
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not dominant in our metagenomes. Pseudomonada-
ceae contains many plant growth promoting endo-
phytes and rhizobacteria [67]. Its low abundance
could be related to the poorly established vegetation
at the time of sampling (March) and the fact that
bulk soil samples were investigated instead of rhizo-
sphere samples.

EPS and LPS biosynthesis is important in agricultural

soils, yet could be easily hindered

In our metagenomes, almost half (46.6%) of all bacterial
families harbored genes affiliated with EPS and LPS
biosynthesis. These included all dominant families whose
abundance exceeded 0.5%. The ability to form EPS or
LPS seems to be, therefore, an important trait for
bacteria living in agricultural soils.

Despite the fact that all families dominating in our
metagenomes harbored genes encoding for EPS or LPS
biosynthesis, none of them accommodated genes from
more than one of the investigated EPS biosynthesis path-
ways. This is not surprising, as few bacteria are known
to produce more than one type of EPS [68]. Nonetheless,
some of the analyzed genes were not represented in any
of the dominant families. This could have several
reasons, including: (i) that those genes might be
harbored by low abundant families only, which were
below the detection limit of our approach, or (i) no
genome of a representative taxon was sequenced so far.
This is very likely, as databases for sequencing analysis are
still biased towards fast-growing bacteria, while soil
contains many slow-growing bacteria, which are diffi-
cult to isolate and culture.

Bacterial potential to produce EPS and LPS is affected by
the interplay of tillage type and tillage depth

Tillage not only disrupts soil aggregates, but also alters
soil physical and chemical properties. Especially CT
disturbs microbial habitats and reduces available nutri-
ents by mixing topsoil with subsoil. Since bacterial poly-
saccharides contribute to soil aggregation, which was
reported to be lower under CT [10, 11], and EPS and
LPS production requires a lot of carbon, we hypothe-
sized that CT weakens the bacterial potential to produce
soil structure-stabilizing agents. Contradictory to this
hypothesis, but similar to the SAF results in our study,
the tillage system influenced bacterial community com-
position and the potential to synthesize EPS and LPS
only in the context of the depth factor. Direct effects of
tillage were visible only when closely analyzing the taxo-
nomic affiliation of the key genes of the investigated EPS
and LPS biosynthesis pathways (wza, {ptFG). At each soil
depth, unique families harboring the respective genes
under either CT or RT were described. These findings
are in accordance with the theory about functional
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redundancy, which states that different taxa are able to
perform the same functions under changed conditions
[69]. However, EPS and LPS produced by different
bacteria may differ in quality, and can have different
gluing properties [70, 71]. Therefore, the differences in
aggregate preservation observed in other studies could
be related to the differences in the properties of EPS and
LPS produced under CT and RT.

The fact that the differences between tillage systems at
our sampling sites were not more pronounced in com-
parison to other studies, is surprising, but not unprece-
dented. In fact, our results are in agreement with other
functional analyses of agricultural soils. The work of de
Vries et al. [58], who also compared CT and RT using
metagenomics, and Grafe et al. [72], who compared dif-
ferent fertilization regimes, found little significant effects
on bacterial community structure and functionality. Both
studies implied that under long-term management,
bacterial communities are very stable and hardly differ
between treatments. In fact, it is more likely that regu-
lation takes place on the RNA level, as tillage alters soil
conditions, and thus might influence metabolic activity
of soil structure-stabilizing bacteria. Ultimately, the yield
of EPS and LPS could be increased or decreased by mul-
tiple factors, e.g. carbon sources or oxygen availability
[18]. Thus, a metatranscriptomic analysis of the soil sam-
ples should be the next step. Ideally, omics data and SAF
measurements should be correlated with the content of
bacterial polysaccharides in soil. Redmile-Gordon et al.
[73] made efforts to evaluate the suitability of different
extracellular polymeric substances extraction methods for
this medium. However, the existing methodologies are still
biased and do not allow for distinction between polysac-
charides of different origins (bacterial, fungal, plant, etc.).
Therefore, further research needs to address these issues
in order to establish a standardized protocol.

RT and CT promote the potential to produce EPS and LPS
in bacteria
To our knowledge, previous metagenomic comparisons
of tillage systems encompassed only surface soil samples
[46-50]. However, other studies on tillage included
analyses of chemical and physical properties of soil also
at deeper levels [74-76]. The studies revealed that tillage
can differentially impact bacterial habitats of different
soil layers. Gadermaier et al. [4] demonstrated, that also
at our sampling site the effects of tillage on soil organic
carbon, microbial biomass and soil nutrients, varied with
the depth of sampling. Therefore, we expected that
bacterial communities at different depths would be
differently affected by tillage, prompting the inclusion of
a depth factor in our metagenomic analysis.

It is well-known that bacterial communities change
with depth in undisturbed soils [77-79]. We showed
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that the composition of bacterial families in the upper
soil depths (in the tillage horizon) differs from the one
in lower soil depths (below the tillage horizon) also in
tilled soils. This happens because specific conditions of
different soil depths select for the best-adapted micro-
organisms. That is to say, deeper soil layers are generally
more oxygen-depleted and nutrient-poor than upper soil
layers. In the deepest soil layer which we sampled, the
dominant family was Anaerolineaceae. Unsurprisingly,
its members are strictly anaerobic oligotrophs [80, 81].
Including Anaerolineaceae, 34.8% of bacterial families de-
tected in our metagenomes were significantly influenced
by depth. Furthermore, we showed that in tilled soils,
depth has not only a big influence on bacterial community
composition, but also on relative abundances of genes
involved in EPS and LPS synthesis and excretion. The
relative abundances of wza, weaF and IptFG were higher
in the upper soil layers. Additionally, epsA was influenced
by the interaction of tillage and depth, but its low abun-
dance undermines the significance of this finding. More-
over, the diversity of bacterial families which harbored
wza and [ptG, two out of three most abundant genes of
the analyzed biosynthesis pathways, decreased with depth.
These effects should be even more pronounced due to the
stratification of Cmic, which was significantly higher
under both CT and RT, in the 0-20 c¢m layers as opposed
to the 20-50cm layers. Although we expected higher
potential to produce EPS and LPS in the deeper, un-
disturbed soil layers, these observations suggest that EPS
and LPS synthesis plays a bigger role in the surface soil
layers, which are regularly disturbed by tillage. This could
be explained by better aeration and availability of nutrients
in the tillage horizon, as these parameters are known to be
important for EPS and LPS production [18, 82, 83]. Other-
wise, Galant et al. [84] postulated that disturbances
increase the diversity and productivity of bacteria per-
forming important ecological functions, which also
coincides with our results. In our study, the disturbance
caused by tillage could select for bacteria which are
capable of synthesizing protective compounds, such as
EPS and LPS.

Finally, it is difficult to separate depth and tillage
effects, as the depth effects might be also induced by
tillage. The stratification of soil chemical and physical
properties in our study was artificially induced by tillage
[4]. In particular, soil organic carbon (SOC) steadily
decreased with depth under both CT and RT. By intro-
ducing such changes in soil properties along the soil pro-
file, tillage indirectly caused the shifts in bacterial
communities allocated as the effects of depth. Those shifts
could be driven primarily by the disturbance caused by
tillage. Specifically, tillage could stir the established bac-
terial communities in the tillage horizon, making it
possible for new taxa to emerge. At the same time, a
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long-term competition in the undisturbed soil layers
below the tillage horizon would enable only the
best-adapted bacteria to thrive. This type of competition-
driven dominance of selected taxa is well-known in
ecological communities [85, 86]. Moreover, it has recently
been demonstrated that periodic disturbances have an
impact on bacterial communities by promoting the
cohabitation of ecologically different bacteria [84]. In con-
clusion, as similar effects of depth were detected under
both CT and RT, the impact of tillage in general, might be
more selective than the subtle differences between these
two systems.

Conclusions

Although a typical stratification of soil carbon and
microbial biomass was observed under RT in our study, no
difference in the stable aggregate fraction of the soil or the
potential to produce EPS and LPS was observed between
RT and CT systems. While the potential to produce EPS
and LPS was enhanced in the tillage horizon, tillage affected
the taxonomic affiliation of genes encoding for proteins in-
volved in the biosynthesis of specific EPS and LPS. These
compounds can have different properties depending on the
bacterial producers. Thus, the regulation of EPS and LPS
formation can take place at two levels: (i) even small
changes in the bacterial community composition could dis-
turb the overall capacity of EPS and LPS to stabilize soil
structure, or (ii) regulation takes place on the level of gene
expression. Consequently, future studies need to figure out
under which conditions the potential to produce EPS and
LPS is recalled. However, the fast turnover of mRNA would
require another sampling strategy which accounts for that
dynamic, such as high resolved samplings throughout the
season and the day, as beside tillage, also carbon input
by plants and fertilization might influence expression
of the respective genes. Moreover, soil at the sampling
site was already well-structured due to its high clay
content. We expect a stronger effect of tillage in
sandy soils, which lack the fine particles necessary to
form stable soil aggregates.
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Additional file 1: Agricultural practices applied in the experimental field in Frick prior to sampling.

Date

Procedure

20.10.2013
19.03.2014
09.04.2014
17.07.2014
25.08.2014

17./18.03.2015

Winter wheat seeding
Slurry application, 69 kg total N/ha
Slurry application, 57 kg total N/ha

Winter wheat harvest

Green manure seeding

Soil sampling
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Additional file 2: KO numbers related to EPS or LPS production found in the online Kyoto Encyclopedia
of Genes and Genomes (KEGG) Orthology database (October 2016).

K00689, K00692, KO0694, KO0752, KO0S03, K01991, K03207, K03208, K03606, K03818,
K03819, K09688, K09689, K10107, K13620, K13650, K13654, K13683, K13684, K16081,
K16552, K16553, K16554, K16555, K16556, K16557, K16558, K16560, K16561, K16562,
K16563, K16564, K16565, K16566, K16567, K16568, K16692, K16696, K16700, K16701,
K16702, K16703, K16708, K16709, K16710, K16711, K16712, K16713, K19292, K19293,
K19294, K19295, K19296, K19418, K19419, K19420, K19421, K19422, K19424, K19425,
K19426, K19427, K19428, K19429, K19430, K19431, K19667

EPS
(67)

LPS | K05399, KO5790, KO6861, KO7091, KO7271, K08280, K08992, K09690, K09691, K0S774,
(14) | K11719, K11720, K16695, K19804
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Additional file 3: Details of the sequencing run. Shown are the numbers of obtained reads, total length
of the reads and average read length per sample before and after quality filtering. “C” and “R” at the
beginning of sample names stand for either “conventional tillage” or “reduced tillage”, respectively. The
following “A”, “B” and “C” stand for the sampling depth (A —0-10 cm, B —10-20 cm and C—20-50 cm).

Raw data CAl caz A3 CB1 cB2 cB3 cc1 cc2 cc3
Number of reads 2549636 2708128 2387144 1956536 2095558 2372948 1675552 1761742 2084406
Total length of reads 767440436 815146528 718530344 588917336 630762958 714257348 504341152 530284342 627406206
Average length of reads 301 301 301 301 301 301 301 301 301

Filtered data

Number of reads 2549495 2707738 2387077 1956447 2095401 2372859 1675291 1761533 2083272
Total length of reads 757415945 805059148 709958547 581913254 623067219 705306628 497711661 522694430 611096918
Average length of reads 297.08 297.32 297.42 297.43 297.35 297.24 297.09 296.73 293.34
Raw data RA1 RA2 RA3 RB1 RB2 RB3 RC1 RC2 RC3
Number of reads 2355348 2178762 2670446 2030052 2318146 2442574 1659310 2252744 1812660
Total length of reads 708959748 655807362 803804246 611045652 697761946 735214774 499452310 678075944 545610660
Average length of reads 301 301 301 301 301 301 301 301 301

Filtered data

Number of reads 2355296 2178624 2670386 2030004 2318025 2442433 1659110 2252382 1812502
Total length of reads 700755406 648213723 792113860 603953567 689473640 726293001 493120371 668547107 538679590
Average length of reads 297.52 297.53 296.63 297.51 297.44 297.36 297.22 296.82 297.20
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Additional file 4: NMDS ordination plots depicting taxonomic profiles of bacteria at the family level in
conventional and reduced tillage-treated soils sampled at three different depths. Ellipses drawn around
triplicates represent a 95% confidence level. Shown is A) overall community, and B) affiliation of genes
related to EPS and LPS synthesis. Each point in the plot represents a different sample (n = 18), and the
location of the points is based on Bray-Curtis distances. Taxonomic assignment was performed against
the National Center for Biotechnology Information Non-Redundant (NCBI-NR) protein sequences
database. Functional genes were assigned using hidden Markov models (HMMs) obtained from the
TIGRFAMs and Pfam databases, and then sequences derived from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Orthology database.
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Additional file 5: Bacterial families whose relative abundances and potential to produce EPS or LPS were
significantly affected depth or interaction of tillage and depth. Significant differences between the
treatments were determined by a multilevel model (n = 3, p <0.05).

Families whose potential to
produce EPS/LPS was affected

Factor Families whose abundance was affected

Acetobacteraceae, Acidimicrobiaceae, Alcaligenaceae, Alicyclobacillaceae, Anaerolineaceae, Aquificaceae,
Ardenticatenaceae, Bacillaceae, Bdellovibrionaceae, Bogoriellaceae, Bradyrhizobiaceae, Burkholderiaceae,
Caldilineaceae, Caldisericaceae, Candidatus Actinomarinaceae, Candidatus.Bracadiaceae, Carnobacteriaceae,
Caulobacteraceae, Cellulomonadaceae, Chitinophagaceae, Chlorobiaceae, Chloroflexaceae, Chromobacteriaceae,
Comamonadaceae, Conexibacteraceae, Corynebacteriaceae, Cyclobacteriaceae, Cytophagaceae,
Dehalococcoidaceae, Deinococcaceae, Desulfobacteraceae, Desulfohalobiaceae, Ectothiorhodospiraceae,
Erythrobacteraceae, Flammeovirgaceae, Geodermatophilaceae, Gordoniaceae, Herpetosiphonaceae,
Hydrogenophilaceae, Hyphomicrobiaceae, Hyphomonadaceae, Ignavibacteriaceae, Intrasporangiaceae,

Kofleriaceae, Ktedonobacteraceae, Labilitrichaceae, Magnetococcaceae, Marinilabilioceae, Melioribacteraceae, Chitinophagaceae,
Depth Methylobacteriaceae, Microbacteriaceae, Microchaetaceae, Micrococcaceae, Mycobacteriaceae, Flammeovirgaceae, Labilitrichaceae,
Nakamurellaceae, Nannocystaceae, Nitrosomonadaceae, Nitraspiraceae, Nocardioidaceae, Nostocaceae, Nitrospiraceae

Opitutaceae, Oscillochloridaceae, Oxalobacteraceae, Paenibacillaceae, Patulibacteraceae, Peptococcaceae,
Phycisphaeraceae, Phyllobacteriaceae, Polyangiaceae, Porphyromonadaceae, Propionibacteriaceae,
Rhodobacteraceae, Rhodobioceae, Rhodospirillacece, Rivulariaceae, Roseiflexaceae, Rubrobacteraceae,
Sandaracinaceae, Saprospiraceae, Schieiferiaceae, Scytonemataceae, Sinobacteraceae, Solirubrobacteraceae,
Sphingobacteriaceae, Sphingomonadaceae, Spirochaetaceae, Sulfuricellaceae, Sutterellaceae, Syntrophaceae,
Syntrophobacteraceae, Syntrophomonadaceae, Syntrophorhabdaceae, Thermaceae, Thermoanaerobacteraceae,
Thermogemmatisporacece, Thiotrichaceae, Trueperaceae, Verrucomicrobiaceae, Vibrionaceae,
Vulgatibacteraceae, Waddliaceae, Xanthobacteraceae, Xanthomonadaceae

Interaction of

i Jonesiaceae Sulfuricellaceae
tillage and depth
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Additional file 6: Comparison of the 35 most abundant bacterial families according to taxonomic
annotations based on the NCBI-NR and SILVA databases.

Relative abundance [%)]

NCBI-NR assignment

Silva assignment

. Anaerolineaceae
. Chitinophagaceae
. Planctomycetaceae
Bradyrhizobiaceae
. Acidobacteriaceae

. Verrucomicrobia subdivision 3 . Phyllobacteriaceae

Nitrospiraceae
. Flavobacteriaceae

Polyangiaceae
. Solibacteraceae

Cytophagaceae
. Streptomycetaceae
. Microchaetaceae

Comamonadaceae

Burkholderiaceae
. Mycobacteriaceae

Verrucomicrobiaceae
. Xanthomonadaceae

. Opitutaceae

Rhodospirillaceae

0.008

0.006

0.004

0.002 - —

0.000

. Ktedonobacteraceae
. Labilitrichaceae

. Caldilineaceae

. Geobacteraceae

. Pseudomonadaceae
Sphingobacteriaceae

. Nocardicidaceae
Rhizobiaceae

. Methylobacteriaceae

. Pseudonocardiaceae
Cystobacteraceae

- Roseiflexaceae

uncultured bacterium

. uncultured
. Gaiellaceae

. Sphingomonadaceae

Micromonosporaceae

Nitrosomonadaceae

P 11-24
. Haliangiaceae
Propionibacteriaceae

. Alcaligenaceae

[ 0319-6421

uncultured Chioroflexi bacterium
. uncultured Acidothermaceae bacterium
. Nitrospinaceae
. uncultured Acidobacterium sp.
Weiet
uncultured protecbacterium
. Gemmatimonadaceae
Xanthobacteraceae
. Rhodocyclaceae
uncultured Verrucomicrobia bacterium
Acidimicrobiaceae
. Hyphomicrobiaceae

. uncultured Acidobacteria bacterium
. Xanthomonadales Incertae Sedis
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Additional file 7: Rarefaction curves of metagenomic datasets derived from conventional and reduced
tillage-treated soils sampled at three different depths. Depicted is the number of assigned genes
involved in EPS and LPS production as a function of sequencing depth. The genes were assigned using
hidden Markov models (HMMs) obtained from the TIGRFAMs and Pfam databases, and then sequences
derived from the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology database. “C” and “R” at
the beginning of sample names stand for either “conventional tillage” or “reduced tillage”, respectively.
The following “A”, “B” and “C” stand for the sampling depth (A —0-10 cm, B — 10-20 cm and C—20-

50 cm).
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Additional file 8: Boxplot depicting Shannon-Weiner index values which describe the diversity of
bacterial families harboring genes wza, IptF and IptG at three depths. Significant influence of depth, but
not tillage, was detected when applying a multilevel model analysis (n = 3). Therefore, tillage treatments
were pooled for this plot. The influence of depth is symbolized with “*”. Significance levels are
represented by the amount of symbols: 1 —p <0.05,2 -p<0.01, 3—-p<0.001.
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Agro-ecosystems experience huge losses of land every year due to soil erosion induced
by poor agricultural practices such as intensive tillage. Erosion can be minimized by the
presence of stable soil aggregates, the formation of which can be promoted by bacteria.
Some of these microorganisms have the ability to produce exopolysaccharides and
lipopolysaccharides that “glue” soil particles together. However, little is known about the
influence of tillage intensity on the bacterial potential to produce these polysaccharides,
even though more stable soil aggregates are usually observed under less intense tillage.
As the effects of tillage intensity on soil aggregate stability may vary between sites, we
hypothesized that the response of polysaccharide-producing bacteria to tillage intensity
is also determined by site-specific conditions. To investigate this, we performed a high-
throughput shotgun sequencing of DNA extracted from conventionally and reduced
tilled soils from three tillage system field trials characterized by different soil parameters.
While we confirmed that the impact of tillage intensity on soil aggregates is site-specific,
we could connect improved aggregate stability with increased absolute abundance of
genes involved in the production of exopelysaccharides and lipopolysaccharides. The
potential to produce polysaccharides was generally promoted under reduced tillage due
to the increased microbial biomass. We also found that the response of most potential
producers of polysaccharides to tillage was site-specific, e.g., Oxalobacteraceae had
higher potential to produce polysaccharides under reduced tillage at one site, and
showed the opposite response at another site. However, the response of some potential
producers of polysaccharides to tillage did not depend on site characteristics, but
rather on their taxonomic affiliation, i.e., all members of Actinobacteria that responded
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to tillage intensity had higher potential for exopolysaccharide and lipopolysaccharide
production specifically under reduced tillage. This could be especially crucial for
aggregate stability, as polysaccharides produced by different taxa have different “gluing”
efficiency. Overall, our data indicate that tillage intensity could affect aggregate stability
by both influencing the absolute abundance of genes involved in the production
of exopolysaccharides and lipopolysaccharides, as well as by inducing shifts in the
community of potential polysaccharide producers. The effects of tilage intensity depend
mostly on site-specific conditions.

Keywords: tillage, soil aggregation, exopolysaccharides, lipopolysaccharides, soil microbiome, metagenomics,

wza

INTRODUCTION

Worldwide, 75 billion tons of soil are lost every year by erosion
of arable lands (ELD Initiative, 2015). Soil erosion mostly occurs
due to the degradation of soil structure, which is defined as
the arrangement of soil particles into aggregates (Le Bissonnais
et al, 1993). A continuous disruption of soil aggregates by
agricultural practices such as conventional tillage (CT) may lead
to increased soil compaction as well as loss of organic matter and
soil biodiversity. As a result, water retention is impaired, anoxic
conditions may appear and nutrient cycling slows down. Such
soils are more susceptible to erosion induced by water or wind
(Holland, 2004). To protect the aggregated soil structure and
prevent soil loss, soil conservation techniques such as reduced
tillage (RT) are increasingly encouraged (FAO, 2017).

Although many researchers (Jacobs et al., 2009; Mikha et al.,
2013; Bartlova et al., 2015; Sheehy et al., 2015; Singh et al,
2016) observed that soil aggregates are better preserved under
RT compared with CT, others (Asgari, 2014; Cania et al,
2019a) reported no effect of tillage intensity on soil aggregation.
According to Cooper et al. (2016), the strength of the positive
effects of RT strongly depends on soil texture. Clay particles
have much stronger aggregating properties compared with silt
and sand (Weil and Brady, 2017). Therefore, the positive effects
of RT should be more emphasized in soils with lower clay
content, where maintaining high aggregation is more challenging
(Cooper et al., 2016). This is in agreement with studies using
clayey soils that revealed no differences in aggregate stability
when RT and CT were compared (Asgari, 2014; Cania et al.,
2019a). However, soil aggregation is a complex process that
is driven by both abiotic and biotic factors (Six et al., 2004),
and still little is known about how tillage intensity influences
soil biota and their capabilities to trigger aggregate formation.
Babin et al. (2019) proposed that the effects of tillage intensity
on soil biota and aggregate formation driven by them can be
better studied in soils with lower clay content due to their
lower buffering capacity. In accordance with this hypothesis,
studies on sandy and silty soils showed that improved soil
aggregation under less intense tillage corresponded to increased

Abbreviations: Cmic, microbial biomass carbon; Corg, organic carbon; CT,
conventional tillage; DOC, dissolved organic carbon; DON, dissolved organic
nitrogen; EPS, exopolysaccharide; LPS, lipopolysaccharide; Nmic, microbial
biomass nitrogen; RT, reduced tillage; SAF, stable aggregate fraction.
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fungal biomass and glomalin production (Beare et al., 1997;
Wright et al, 1999; Cookson et al., 2008; Dai et al., 2015;
Lu et al., 2018). However, while many researchers investigated
the influence of tillage intensity on the aggregating capabilities
of fungi, less attention was given to bacteria. In fact, only in
a recent study (Cania et al., 2019a), we compared the effects
of CT and RT on the bacterial potential for soil aggregation.
Here, we investigated the bacterial potential for the production
of exopolysaccharides (EPSs) and lipopolysaccharidesof (LPSs),
which act as binding agents for soil particles (Six et al., 2004;
Costa et al., 2018; Totsche et al., 2018). EPSs are high-molecular-
weight sugars exuded by a wide range of taxa (Suresh Kumar
etal., 2007), whereas LPSs are complex glycolipids attached to the
outer membrane of most Gram-negative bacterial cells (Whitfield
and Trent, 2014). Bacteria use these compounds for attachment
to soil particles, which promotes the formation of soil aggregates
(Jacques, 1996; Sutherland, 2001). According to Lehmann et al.
(2017), the bacterial production of adhesive polysaccharides is
one of the most crucial biotic mechanisms of soil aggregation.
We (Cania et al,, 2019a) could show that while the relative
abundance of bacteria capable to form EPSs and LPSs was
comparable between CT and RT, the community composition
of the potential producers of these compounds differed. As the
aggregating efficiency of adhesive polysaccharides produced by
different taxa varies greatly (Costa et al., 2018), tillage impact on
the community composition of EPS and LPS producers could be
critical for the stability of agricultural soils.

However, disentangling the link between soil aggregate
stability, tillage and soil texture requires the analysis of long-
term experiments, as tillage effects build up over time (Stockfisch
et al, 1999; Grandy et al., 2006). Therefore, it was our aim
to investigate to which extend the response of polysaccharide-
producing bacteria to tillage intensity is driven by the differences
in soil texture at different long-term experimental sites, and
how this is connected to the stability of soil aggregates. As
we were interested in the long-term tillage impact, we focused
on parameters that change over a long time peried such as
aggregate stability and the structure and genetic potential of
soil bacterial communities, as opposed to transient parameters
such as gene expression and the contents of EPSs and LPSs
in soil (Redmile-Gordon et al, 2020). We expected to see
more differences in the relative abundance and community
composition of potential EPS and LPS producers between CT and
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RT in silty and sandy soils compared with clayey soils. We also
assumed that the differences in the potential to produce bacterial
polysaccharides would be reflected by changes in aggregate
stability. To address our research questions, we performed a
high-throughput shotgun sequencing of DNA extracted from
conventionally and reduced tilled soils from three long-term
field trials characterized by different soil textures (clayey, loamy,
sandy). We used a targeted bioinformatics pipeline to analyze
bacterial communities potentially involved in the production
of EPSs and LPSs.

MATERIALS AND METHODS

Sites Description and Sampling

Soil samples were taken from three field trials that differed
in soil properties but were comparable in terms of soil
management, particularly tillage application (CT and RT). The
basic information on the trials, such as the locations, soil types
and climatic conditions, is summarized in Table 1.

At the Frick trial (Switzerland), CT has been based on
ploughing with a moldboard plough operating at 15-18 cm
depth, while for RT, soil loosening has been performed at a depth
of 5-10 cm with a chisel and a skim plough, with occasional non-
inversion loosening to 15-20 cm. In both systems, the seedbed
preparation has been done using a rotary harrow running at
5 cm depth. The last tillage operations before sampling occurred
in September 2016 right after harvesting spelt and before grass-
clover was sown. In 2017, five grass-clover harvests were done
in April, June, July, September and November. The plots were
fertilized with slurry in 2016 in August, and in 2017 in April,
June and August at the rates of 45, 40, 25 and 30 m® ha™',
respectively, before sowing and after the first, second and third
grass-clover harvest.

At the Moskanijci trial (Slovenia), for CT, a moldboard plough
operating at 20 cm depth has been used, followed by soil bed
preparation with a rotary hoe. For RT, a special machine - 4-
row disc harrow with individually suspended discs and a system
for varying the working angle (and thus the tilling intensity) -
has been applied in one or two passes to till the soil and prepare

TABLE 1 | Trial characteristics.

Trial Frick Moskanjci Juchowo

Trial start 2002 1999 2010

Geographic 47°30'N, 46°03'N, 53%40'N,

coordinates 8°01'E 15°04'E 16°30°E

Elevation [m a.s.l.] 350 225 160

Soil type Stagnic Eutric Skeletic Eutric Haplic Arenosol
Gambisol Gambisol

Soil texture clayey loamy sandy

Climate type temperate continental continental

Mean annual 8.9 10.6 8.5

temperature [°C]

Mean annual 1000 913 750

precipitation [mm]
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the seedbed. The depth of RT was up to 10 cm. In both systems,
the main soil tillage was done in October 2016, just before
winter rye was sown. After the winter rye was harvested in July
2017, a mixture of cover crops was sown for green manure. The
fertilization with slurry was applied in March 2017 in the amount
of 20 m?* ha™ !,

At the Juchowo trial (Poland), CT has been performed by
ploughing up to 30 cm deep with an Ecomat plough, while for RT,
soil loosening up to 10 cm deep has been done using a cultivator
with goosefeet sweeps. In August 2015, the last tilling occurred
after harvesting spelt and before lupine was sown. Slurry was
applied in March 2015 at the rate of 16 m® ha~!. Biodynamic
preparations, consisting of subtle amounts of silica (horn silica
501) or fresh cow manure (horn manure 500) dissolved in a large
volume of water, were sprayed at the ratesof 12 Lha—!,35Lha !,
and 12 L ha! in March, April and May, respectively. Kieserit
(MgO 25%, S 20%) was applied in May at the rate of 50 kg ha™'.

Each trial consisted of four replicated plots per treatment, out
of which three were sampled in spring, before any tilling and
subsequent sowing started, in 2016 in Juchowo, and in 2018 in
Frick and Mogkanjci. Approximately 10 cores per plot were taken
using soil augers with a diameter of 2.5 cm to a soil depth of
10 ¢cm. Cores from the same plot were homogenized, resulting in
18 samples (3 trials x 2 tillage treatments x 3 plot replicates). After
being directly cooled in the field, one part of each homogenized
soil sample was stored at 4°C and used for physicochemical
measurements, and the other was stored at —20°C for DNA
extraction and sequencing,

Physicochemical Measurements

Stable aggregate fraction (SAF) of the soils was determined using
a wet sieving method described by Murer et al. (1993). Field-
moist soil samples, 4 g of each, were placed onto 0.25 mm
sieves of a sieving apparatus, and immersed in water. After
5 min of wet sieving, the aggregates remaining on the sieves
were dried at 105°C and weighed. The aggregates were then
destroyed by covering them with 0.1 M sodium pyrophosphate
(NagP207) solution for 2 h. The remaining particles >0.25 mm
(sand and organic debris) were dried and weighed again. The
SAF was calculated as percentage of stable aggregates in a moist
sample, after applying a correction for sand particles. Aside from
using moist soil without previous fractionation, the technique
followed the details according to Murer et al. (1993). Soil texture
was determined using a combined sieving and sedimentation
approach (ISO 11277 2009). The determination of soil organic
carbon (Corg) was based on the Walkley-Black wet digestion
procedure (Walkley and Black, 1934). The measurement of
dissolved organic carbon (DOC) and nitrogen (DON), as well
as Cmic and nitrogen (Nmic) was accomplished by means of
the chloroform fumigation-extraction (CFE) method (Brookes
et al.,, 1985; Vance et al., 1987). DOC and DON were measured
in unfumigated samples, while Cmic and Nmic were calculated
as a difference in extractable carbon and nitrogen between
fumigated and unfumigated soils. To calculate the microbial
biomass, the difference was then multiplied with the empirical
factors KEC and kEN to achieve Cmic (KEC = 0.45) and Nmic
(kEN = 0.54) (Joergensen, 1996; Joergensen and Mueller, 1996).
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The measurement of pH was performed in a 1:2.5 (v/v)
suspension of soil in demineralized water (pH in H,O) after
standing overnight (ISO 10390 2005).

DNA Extraction, Library Preparation and
Sequencing

Metagenomic DNA was extracted from 0.5 g of frozen soil
according to the phenol-chloroform based DNA/RNA co-
extraction protocol described by Lueders et al. (2004). Sample
lysis was performed using CKMix tubes and a Precellys24
homogenizer (Bertin Technologies, France). Extracted DNA
was quantified by means of a Qubit 4 Fluorometer and
a Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific,
United States). The purity was also assessed by measuring the
A260 nm/A280 nm and A260 nm/A230 nm ratios using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,
United States). After extraction, DNA was stored at —20°C until
further processing.

1 pg of DNA per sample was sheared using an E220
Focused-ultrasonicator (Covaris, United States), targeting 500 bp
fragments as described in the protocol of the producer.
Metagenomic libraries were constructed with 100 ng of the
sheared DNA by means of a NEBNext Ultra II DNA Library
Prep Kit for Illumina and NEBNext Multiplex Oligos for
Mlumina (New England Biolabs, United Kingdom). Following
the manufacturer’s guideline, the provided adaptor was diluted
10-fold to prevent the occurrence of dimers. Size selection was
carried out with Agencourt AMPure XP beads (Beckman Coulter,
United States), selecting for libraries with 500-700 bp inserts.
The beads were also used for purification of PCR reactions
and an additional final purification step to eliminate residual
primer dimers (1:0.6 DNA to bead ratio). PCR amplification was
performed with 12 cycles.

Library size and concentration were evaluated using a
Fragment Analyzer and a DNF-473 Standard Sensitivity NGS
Fragment Analysis Kit (Advanced Analytical, United States).
Libraries were pooled equimolarily (4 nM), and 17 pM of the
mixture was spiked with 1% PhiX. Paired-end sequencing was
performed on a MiSeq sequencer using a MiSeq Reagent Kit v3
for 600 cycles (Illumina, United States). As a negative control,
a reagent-only sample was processed alongside the biological
samples at the DNA extraction and library preparation steps, and
included in the sequencing run. Raw sequencing data obtained
from the MiSeq is available at the Sequence Read Archive (SRA)
under the accession number PRJNA555481.

Bioinformatical Analysis

The raw sequencing data was filtered according to Vestergaard
etal. (2017). Remnant adaptor sequences were removed by means
of AdapterRemoval v2.1.7 (Schubert et al, 2016). Using the
same program, terminal nucleotides with Phred quality scores
lower than 15 were trimmed, and reads shorter than 50 bp
were discarded. PhiX contamination was removed by means of
DeconSeq v0.4.3 (Schmieder and Edwards, 2011).
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Filtered reads were taxonomically classified by aligning
against the National Center for Biotechnology Information Non-
Redundant (NCBI-NR) protein sequences database (January
2017) using Kaiju v1.4.4 (Menzel et al,, 2016) in Greedy mode
with five allowed mismatches. 165 TRNA gene sequences were
additionally identified using SortMeRNA v2.0 (Kopylova et al,
2012) with the SILVA SSU database (release 132).

Subsequent assignment of genes specific for EPS and LPS
biosynthesis was performed only for reads classified by Kaiju as
bacterial. Hidden Markov model (HMM) searching combined
with blasting against protein sequences obtained from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (October
2016) was carried out according to Cania et al. (2019a). HMMs
were downloaded from the TIGRFAMs (version 15) (Haft et al.,
2013) and Pfam (version 30) (Finn et al., 2016) databases. Open-
reading frames were predicted using FragGeneScan v1.19 (Rho
et al., 2010), and then scanned using HMMER v3.1b2 (Mistry
et al, 2013). Hits with a maximum E-value of 1 x 107> were
mapped to KEGG Orthology (KO) numbers. KO numbers were
assigned to the reads for which the best 25 blast results were
matching. Blasting was performed by means of Diamond v0.8.38
(Buchfink et al.,, 2015) with more-sensitive parameters. Genes
epsA and epsG had only a few reads annotated to them (7 and
4, respectively), mostly in single replicates. Therefore, they were
excluded from the analysis, as a higher sequencing depth would
be required to study them. The list of HMMs and KO numbers
used in this study is presented in Table 2,

Statistical Analysis and Data

Visualization

Statistical analysis and data visualization were performed using R
v3.4.4 (R Core Team, 2016). Sequencing data was analyzed based
on relative abundance of reads obtained by dividing the number
of reads assigned to a bacterial family or gene, by the total number
of bacterial reads per sample. The resultant decimals were
subsequently multiplied by 100 in order to convert them into
percentages. Absolute gene abundance was additionally estimated
according to Zhang et al. (2017) by multiplying the relative gene
abundance in percentage with the Cmic value, and dividing by
100. Although Cmic includes both bacterial and fungal carbon,
the low and stable values of the Cmic/Nmic ratio indicate that
the estimated values are rather precise (Cheng et al., 2013).
A robust 2-way independent analysis of variance (ANOVA) was
used to detect global effects of trial, tillage intensity and their
possible interaction in the whole dataset. Local effects of tillage
intensity were detected separately in the datasets from each trial
by means of a robust f-test. Both statistical tests were based on the
median as M-estimator, and used 2000 bootstrap samples. The
tests were ran by employing the pbad2way and pb2gen functions
from the WRS package (Wilcox and Schénbrodt, 2014). The
influence was regarded as significant if the p-value was smaller
than 5 % (P < 0.05). The false discovery rate was controlled
in the data derived from the metagenomic datasets with the
Benjamini-Hochberg procedure. Effect sizes were calculated in
the form of omega squared (w?) and Pearson’s correlation
coefficient r as described by Field et al. (2012). The dissimilarity
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TABLE 2 | Proteins related to exo- and lipopolysaccharide production with corresponding KO numbers, HMM IDs and genes.

Protein

polysaccharide export outer membrane protein Wza

colanic acid biosynthesis acetyltransferase WcaB

colanic acid biosynthesis acetyliransferase WecakF

colanic acid/amylovoran biosynthesis pyruvyl transferase Weak/AmsJ
capsular polysaccharide export system permease KpsE

alginate export outer membrane protein AlgE

alginate biosynthesis acetyltransferase AlgJ

levansucrase SacB

lipopolysaccharide transport system ATP-binding protein Wzt
LptBFGC lipopolysaccharide export complex inner membrane protein LptC
LptBFGC lipopolysaccharide export complex permease LptF
LptBFGC lipopolysaccharide export complex permease LptG

between the samples was explored using principal component
analysis (PCA) ordination created with the rda function in the
vegan package (Oksanen et al, 2018). For the same purpose,
Bray-Curtis dissimilarity matrices were calculated by means of
the vegdist function, also from the vegan package. Negative
eigenvalues were corrected using the Caillez procedure (Cailliez,
1983). The Bray-Curtis distances were used to create principal
coordinate analysis (PCoA) ordinations by means of the pcoa
function from the ape package (Paradis et al., 2004). The PCA
ordination was generated for the soil properties data, whereas
the PCoA ordinations were generated for the sequencing data.
For both types of ordination plots, ellipses representing 95 %
confidence level were drawn around triplicates with the ellipse
package (Murdoch and Chow, 2018).

RESULTS

Soil Properties

Different soil texture in Frick (46.5% clay, 24.5% silt, and 29.0%
sand), Mogkanjci (17.6% clay, 43.4% silt, and 39.0% sand) and
Juchowo (2.4% clay, 6.4% silt, and 91.2% sand) was the primary
reason why these trials were included in the current study.
However, soil samples of CT and RT from the trials differed
also in several other measured physical, chemical and biological
parameters (Table 3). The parameters measured as part of the
current study included soil texture, SAF, Corg, DOC, DON,
pH, Cmic, Nmic, and the Cmic/Nmic ratio. PCA (Figure 1A)
of these parameters revealed that the samples were separated
primarily based on their place of origin. However, in Moskanjci,
soil properties differed also between tillage treatments. Statistical
analysis confirmed these observations. Aside from the soil
texture data, robust ANOVA detected significant differences in
Corg, DOC, DON, Cmic and Nmic values between the trials.
Corg was highest in Frick (2.66%), intermediate in Mogkanjci
(1.59%) and lowest in Juchowo (0.81%). DOC was highest in
Frick (68.8 mg/kg), intermediate in Juchowo (42.2 mg/kg) and
lowest in Moskanjci (22.5 mg/kg). DON was higher in Frick
and Juchowo (12.0 and 10.8 mg/kg, respectively) compared
with Moskanjci (3.1 mg/kg). Cmic and Nmic were highest in
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KO number HMM ID Gene
K01991 PF02563 wza
K03819 TIGR04016 weaB
K03818 TIGR0O4008 weaF
K16710 TIGRO4006 weak/amsJ
K10107 TIGRO1010 kpsE
K16081 PF13372 alge
K19295 PF16822 algJ
K00692 PF02435 sacB
K09691 PF14524 wzt
K11719 TIGRD4408, PFO6835 [ptC
KO7091 TIGR04407 lotF
K11720 TIGR0O4408, PFO3739 IptG

Frick (1341.9 and 191.3 mg/kg, respectively), intermediate in
Moskanjci (342.2 and 53.0 mg/kg, respectively) and lowest in
Juchowo (121.5 and 18.5 mg/kg, respectively). Moreover, robust
ANOVA identified significant interaction effects between trial
and tillage intensity on SAF and pH. Both parameters were
highest in Frick (94.3% and 7.2, respectively), intermediate in
Moskanjci (69.3% and 6.7, respectively) and lowest in Juchowo
(5.5% and 6.3, respectively). Interestingly, SAF and pH were
similar under CT and RT in Frick and Juchowo, but higher
under RT compared with CT in Moskanjci. Furthermore,
robust ANOVA detected significant differences between tillage
intensities in Corg, Cmic, and Nmic, with higher values of all of
them under RT compared with CT in all three trials. However, the
Cmic/Nmic ratios were not significantly influenced by the type of
tillage, and did not vary between the sites. The described data is
summarized in Table 3.

Baseline Data of the Shotgun

Sequencing

Shotgun sequencing of 18 libraries resulted in 14.91 Gbases of
data in total (49.54 million reads with a length of 301 bp each).
Following quality control, the metagenomic datasets consisted
of 14.73 Gbases (49.53 million reads). The number of filtered
reads per sample ranged from 1.6 to 3.7 million, with a mean
of 2.8 million. The average length of reads after filtering varied
between samples from 292 to 298 bp, with a mean of 297 bp.
More details of the raw and filtered sequencing data can be
found in Supplementary Table S1. No reads were obtained for
the negative control, confirming a lack of contamination during
DNA extraction and library preparation.

Taxonomic Profiling

When all filtered reads were aligned against the NCBI-NR
database, 76.8% were assigned to Bacteria, 2.9% to Eukaryota,
0.6% to Archaea, 0.1% to Viruses and 19.6% were unclassified. The
results of the taxonomic profiling using the NCBI-NR database
were supported by SILVAs assignment of the 16S rRNA gene.
Even though only 0.07% of all filtered reads were annotated
to the 16S rRNA gene, bacterial communities showed similar
distribution patterns regardless of the analytical approach (data
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6.09 + 0.51

124.06 + 66.58 20.18 +10.78

1.79 + 040 583+ 1.84 92.38+2.06 5.36 + 1.39 0.91+0.24 43.86 + 5.42 10.67 + 3.81 6.20+ 017

RT

Robust ANOVA (omega squared and significance levels)

ns

0.00
0.08
0.00

0.91
0.04
0.01

0.92
0.03
0.02

0.68
0.00
0.10

0.75
0.00
0.00

0.79
0.00
0.00

0.85
0.07
0.01

0.98
0.00
0.01

0.99
0.00
0.00

0.98
0.00
0.00

0.97
0.00
0.00

Trial

ns

ns

ns

ns

ns ns ns

ns

Tillage

ns ns

ns

ns

ns

ns

ns ns

ns

Trial x Tillage

3). Significance levels are represented by the amount of stars: 1-p < 0.05, 2-p < 0.01, 3-p < 0.007.

Effect sizes (w°) and significance levels were calculated based on triplicates (i

not shown). For this reason, as well as because the focus of this
study was on EPS and LPS producers of bacterial origin, only
bacterial reads identified by means of the NCBI-NR database
were analyzed further.

64.2% of the bacterial reads could be assigned at the family
level. In total, 385 bacterial families were detected in the datasets,
out of which 379 were present under both tillage treatments in all
three trials. The remaining six families were very low abundant
and altogether accounted for 0.0002% of all bacterial reads. In
comparison, the most dominant families - Bradyrhizobiaceae,
Streptomycetaceae, and Sphingomonadaceae - comprised 4.6%,
3.1%, and 2.2% of the bacterial reads, respectively. In total,
fourteen families each accounted for more than 1% of all
bacterial reads, and thus were dominant in the metagenomic
datasets (Supplementary Figure S1). These families were all
members of the phyla that ranked in the top ten most
abundant in our study, led by Proteobacteria and Actinobacteria,
which represented 37.5% and 20.8% of the bacterial reads,
respectively (Supplementary Figure S2). Even though almost
all of the detected families were present in all samples,
their relative abundance differed between the trials or tillage
types. As revealed by robust ANOVA, Bradyrhizobiaceae were
more abundant in Juchowo (6.4%) compared with Mogkanjci
(3.7%) and Frick (3.4%), whereas Sphingomonadaceae were
most abundant in Mogkanjci (2.6%), intermediate in Juchowo
(2.3%) and least in Frick (1.9%). Aside from Bradyrhizobiaceae
and Sphingomonadaceae, another ten dominant families were
significantly affected by trial, and three of them were additionally
influenced by tillage treatment. In total, 237 families were
influenced only by trial, 1 - only by the type of tillage,
4 - by both factors, and 8 - by the interaction of both
factors. Interestingly, all the families that were significantly
affected by tillage intensity (Mycobacteriaceae, Nocardioidaceae,
Micromonosporaceae, Glycomycetaceae and Dermatophilaceae)
were members of Actinobacteria. All of them were more
abundant under RT compared with CT. The full list of
impacted families can be found in Supplementary Table $2; the
significance levels and w” values for the dominant families are
listed in Supplementary Table $3. PCoA (Figure 1B) confirmed
that the relative abundances of bacterial families were affected
primarily by trial, whereas the influence of tillage intensity played
only a minor role in shaping the bacterial communities, and
was visible mainly in Moskanjci. The results of the PCoA highly
resembled those of the PCA of soil properties (Figure 1A),
indicating that local conditions strongly affect the composition
of bacterial communities and/or vice versa.

Genes Catalyzing EPS and LPS

Biosynthesis

Genes specific for the synthesis and export of colonic acid,
alginate and other EPSs as well as LPSs (Table 2), were identified
using an approach combining hidden Markov model (HMM)
searches with blasts against sequences derived from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database. In total,
the investigated genes comprised 0.033% of all bacterial reads
(Figure 2). A rarefaction analysis (Supplementary Figure §3)
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around triplicates represent a 95% confidence level.
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FIGURE 1 | PCA of soil parameters (A), and PCoA based on Bray-Curtis distances depicting taxonomic profiles of bacteria at the family level (B). Ellipses drawn
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FIGURE 2 | Gomparison of the relative and absolute (estimated based on Cmic values) abundances of genes related to the formation of EPSs and LPSs. Error bars

confirmed that the sequencing depth was sufficient to capture
the total diversity of these genes in the analyzed samples.
Dominant genes, with a relative abundance between 0.007%
and 0.008% of all bacterial reads, were wza, IptF, and IptG.
Genes wcaB, wcaF, kpsE, wzf, and IptC were moderately
abundant (0.001% - 0.002%). The least abundant (>0.001%)
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were genes wcaK/ams], algE, alg], and sacB. Robust ANOVA
revealed that only the relative abundance of wza differed
significantly between samples. This gene was more abundant in
Moskanjci and Juchowo than in Frick. The relative abundance
of the other investigated genes was not significantly affected
by either trial or tillage intensity. The significance levels
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and w? values for the investigated genes can be taken from
Supplementary Table S4.

Compared with the relative abundance, the absolute
abundance of genes related to the formation of EPSs and LPSs,
estimated based on the Cmic values, showed higher variability
(Figure 2). Robust ANOVA (Supplementary Table S5) indicated
a significant impact of trial on most of the investigated genes.
Specifically, wza, weaB, weaF, kpsE, alg], sacB, wzt, IptC, IptF and
IptG were most abundant in Frick, and least in Juchowo. Only
weaK/ams] and algE were not significantly affected by trial. The
estimated absolute abundance of none of the analyzed genes was
significantly influenced by the type of tillage. However, robust
ANOVA mostly describes differences in the complete dataset,
and thus small but significant differences might be missed by
this approach. Therefore, to identify site-specific impacts of the
different forms of tillage on the estimated absolute abundance of
the investigated genes, metagenomic datasets from the different
trials were analyzed separately. Robust t-test (Supplementary
Table S5) revealed three genes that responded to tillage intensity
in Frick, eight in Mogkanjci and one in Juchowo. In Frick, wza,
kpsE and wzt were more abundant under RT compared with CT.
Similarly, wza, wcaB, wcaF, alg], sacB, wzt, [ptF and IptG had
higher abundances under RT compared with CT in Moskanjci. In
Juchowo, sacB was more abundant under CT compared with RT.

Potential EPS/LPS Producers

The investigated genes were found in 260 bacterial families,
including all dominant families (Supplementary Figure S1).
Robust ANOVA detected that the potential of the bacterial
community to produce EPSs and LPSs was most affected by
trial alone and the interaction of tillage and trial rather than
by tillage alone. The significance levels and w? values for the
dominant families are listed in Supplementary Table $6, and
the full list of impacted families can be found in Supplementary
Table S2. The relative abundance of reads related to EPS and
LPS synthesis and export differed significantly between trials for
five of the dominant families, and for further six among the less
abundant members of the community of potential polysaccharide
producers. Another six of the less abundant families were affected
by the interaction of trial and tillage intensity, but none was
influenced by tillage treatment alone.

While no general trends in the response to tillage were
identified by robust ANOVA, robust f-test detected that the
number of reads assigned to the genes of interest differed
significantly between tillage types for 11 families in Frick, for
12 families in Moskanjci, and for 9 families in Juchowo. The
statistical data for the families that responded to tillage intensity
can be taken from Supplementary Table §7. Comparison
of those families (Figure 3) revealed that their response to
tillage type was trial-dependent. No family responded to tillage
treatment in all three trials, but Acetobacteraceae showed higher
potential for EPS and LPS formation under RT compared
with CT in both Frick (0.00018% under RT wvs. 0.00011%
under CT) and Juchowo (0.00082% under RT vs. 0.00060%
under CT). Surprisingly, some bacterial families responded
differently when trials were compared. Flavobacteriaceae had
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higher potential for EPS and LPS biosynthesis under CT
in Frick (0.00111% under CT vs. 0.00083% under RT), and
showed the opposite behavior in Juchowo (0.00079% under
RT vs. 0.00039% under CT). Cytophagaceae also had higher
potential for EPS and LPS formation under CT in Frick
(0.00043% under CT vs. 0.00007% under RT), but contrasting
results were observed in Moskanjci (0.00032% under RT vs.
0.00026% under CT). Similarly, Oxalobacteracea showed higher
potential for EPS and LPS biosynthesis in Moskanjci under
CT (0.00090% under CT vs. 0.00029% under RT), but in
Juchowo this bacterial family had higher potential for adhesive
polysaccharide production under RT (0.00096% under RT vs,
0.00042% under CT). Out of the families affected by tillage
intensity at each trial, more families (63.6% in Frick, 75.0% in
Moskanjci, and 66.7% in Juchowo) showed higher potential for
EPS and LPS formation under RT compared with CT. Amongst
the families that responded to the type of tillage, members of
Actinobacteria (Geodermatophilaceae and Cellulomonadaceae in
Frick, Mycobacteriaceae and Frankiaceae in Moskanjci, as well
as Nocardioidaceae in Juchowo) were found, and showed higher
potential for EPS and LPS formation under RT compared with
CT. Interestingly, families belonging to Actinobacteria were also
the major responding groups to the type of tillage when total
bacterial diversity was assessed (see above).

DISCUSSION

Link Between Soil Aggregate Stability,
Tillage Intensity and Soil Texture

Preservation of soil aggregates is vital for soil sustainability
in agro-ecosystems (Amezketa, 1999; Bronick and Lal, 2005).
However, it is still not completely understood how soil
aggregation is affected by agricultural practices such as different
forms of tillage. Therefore, we investigated the effects of CT
and RT on the bacterial potential to produce soil-aggregating
agents such as EPSs and LPSs in agricultural trials with different
soil properties. We showed that bacteria could be important
drivers of aggregate formation and stabilization, but the effects
of tillage intensity on soil aggregates strongly depend on site-
specific properties.

The investigated sites differed in their aggregate stability, soil
texture and organic carbon content. The most stable aggregates
and the highest clay and organic carbon content were found
in Frick, whereas least stable aggregates and the lowest clay
and organic carbon content characterized the Juchowo site. Clay
particles have the highest propensity compared with sand and silt
particles to attract each other, form bonds and, in consequence,
soil aggregates (Bronick and Lal, 2005; Weil and Brady, 2017;
Totsche et al., 2018). Similarly, organic carbon is one of the most
important binding agents responsible for the cementation of
soil particles and aggregate formation and stabilization (Bronick
and Lal, 2005). Therefore, the differences in clay and organic
carbon content could largely explain the variability in the stable
aggregate fraction between the three sites. However, we could also
demonstrate a connection between the stable aggregate fraction
and the genes involved in the biosynthesis of EPSs and LPSs.
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Using Cmic values as a reference, we estimated that most of
the investigated genes related to the formation of these adhesive
polysaccharides (83.3%) were the most abundant in Frick, and the
lowest abundance values were found in Juchowo. Furthermore,
the estimated absolute abundances could explain the variability
in the aggregate stability between tillage intensities as well, which
was impossible using clay and organic carbon content alone,
Similarly to other studies (Jacobs et al., 2009; Mikha et al., 2013;
Bartlova et al., 2015; Sheehy et al.,, 2015; Singh et al., 2016), we
observed more stable soil aggregates under less intense tillage
in Moskanjci. However, in Frick and Juchowo, there was no
significant difference in the stable aggregate fraction under CT
and RT. While soil texture did not differ significantly between
tillage intensities at any of the sites, and organic carbon content
was higher under less intensive tillage at all three sites, the
highest number of investigated genes (66.7%) affected by tillage
intensity was found in Moskanjci (compared with 25.0% in Frick
and 8.3% in Juchowo). Moreover, all of the genes affected by
tillage treatment in Moskanjci had higher estimated absolute
abundances under RT compared with CT. These results confirm
the relationship between the bacterial genes involved in EPS and
LPS formation and the stable aggregate fraction.

However, the question remains why the bacterial potential to
form adhesive polysaccharides was affected most in Moskanjci
compared with Frick and Juchowo. This could have been caused
by the longest duration of the trial in Moskanjci (continuous for
19 years from 1999 until the time of sampling) compared with
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Frick (16 years) and Juchowo (6 years), as it was shown before
that the effects of tillage on soil properties build up over time
(Stockfisch et al., 1999; Grandy et al., 2006). The fact that tillage
system had a significant influence on soil pH in Mogkanjci, but
not the other sites, supports this theory. Alternatively, the impact
of tillage system on the bacterial potential to produce adhesive
polysaccharides could have been regulated by site characteristics,
such as soil texture. Smaller soil particles not only can be
easier aggregated together by physicochemical forces, but also
by organic agents such as EPSs and LPSs, which act like a
glue (Bronick and Lal, 2005; Weil and Brady, 2017; Totsche
et al., 2018). Therefore, the high clay content in Frick could
help stabilize the soil and also protect bacteria living inside soil
aggregates from being disturbed by both CT and RT, whereas
the dominance of sand in Juchowo could hinder soil aggregation
and make aggregate communities equally susceptible to being
disturbed by CT and RT. Overall, the difference between the level
of disturbance introduced by CT and RT could be emphasized
only in soils with a balanced content of small and big particles,
such as in Moskanjci. This theory stresses the importance of
further research on the influence of soil texture and other
parameters on the response of bacteria to tillage, as this area has
been so far understudied.

We based our study on the metagenomic data on EPS and
LPS production as well as aggregate stability measurements
as the most appropriate parameters demonstrating the long-
term influence of tillage on the aggregating capabilities of
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bacteria. Observing the short-term effects of tillage would require
measuring more dynamic parameters such as the content of
bacterial polysaccharides in soil. However, while the existing
methodologies of determining the polysaccharide content in this
medium (Redmile-Gordon et al., 2014; Redmile-Gordon et al.,
2020) do not allow for the distinction of polysaccharides from
different sources, bacteria are not the only soil biota capable of
producing these compounds. In fact, other organisms such as
fungi or algae are also able to release polysaccharides with similar
gluing properties, although these compounds are considered
to be of lesser importance for soil aggregation compared with
bacterial polysaccharides (Lehmann et al., 2017). Still, it would
certainly be advantageous to analyze all organisms with the
potential to produce adhesive polysaccharides using a single
approach, especially since it would solve the issue of not being
able to distinguish between different origins of polysaccharides
found in soil. Unfortunately, the sequence databases are still
biased toward bacteria, and therefore lacking gene sequences
specific for the biosynthesis of extracellular polysaccharides.
Moreover, the analysis of eukaryotes by means of short-read
sequencing is difficult due to the high number of intronic
sequences that these organisms possess (De Vries et al., 2015).
Further work needs to be aimed at overcoming these obstacles
if the full understanding of the complexities of soil aggregation
is to be reached.

Importance of EPS/LPS Genes in
Agricultural Soils

While absolute abundances describe the potential significance of
taxa or genes for the ecosystem functioning, the proportional
importance of these groups within communities can be better
explained by relative abundances. The relative abundances of
the EPS/LPS genes in our study were similar to the relative
abundances of functional genes analyzed in other studies,
responsible e.g., for cellulose degradation (De Vries et al., 2015)
or phosphorus turnover (Grafe et al.,, 2018), which is in line with
the fact that they are not housekeeping genes. However, EPSs and
LPSs increase the ecological fitness of bacteria, and therefore it
could be expected that the highest relative abundance of these
genes would be found amongst the most dominant taxa. EPSs
and LPSs provide protection from environmental stresses and
predation, mediate surface attachment, function in cell-cell and
cell-plant interactions, and act as carbon reserves (Kierek and
Watnick, 2003; Suresh Kumar et al., 2007; Lindhout et al., 2009).
Moreover, these compounds enable bacteria to create favorable
hydrological niches in soil by improving soil structure (Benard
et al,, 2019). In our study, the highest relative abundance of
the genes related to the production of adhesive polysaccharides
were harbored by Bradyrhizobiaceae and Sphingomonadaceae.
Both families are common in soils, and often live in a close
association with plant roots (de Souza et al., 2014; Glaeser and
Kampfer, 2014). They are also well-known producers of adhesive
polysaccharides (de Souza et al, 2014; Glaeser and Kampfer,
2014). Therefore, their high potential to form these compounds
was not surprising. Furthermore, these families were amongst the
most dominant families in our metagenomic datasets, and the
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genes involved in EPS and LPS formation were found in all of
the other dominant families as well. However, the investigated
genes were found not only in the most abundant families, but, in
fact, in most (67.5%) of the detected families. In comparison, the
genes related to the production of adhesive polysaccharides were
found in 9.5 - 64.7% of bacterial families from initial ecosystems
and biological soil crusts (Cania et al., 2019b). This suggests that
the potential to form EPSs and LPSs is indeed an important
trait for bacteria living in agricultural soils, possibly because
aside from natural events, these soils are regularly disturbed by
anthropogenic influences such as tillage practices.

We found very little impact of tillage intensity on both
the bacterial community composition and the genes related to
EPS and LPS production. Only 1.3% of all bacterial families
showed a consistent response to tillage at all three sites. These
responders were all families of filamentous bacteria belonging
to the phylum Actinobacteria (Rosenberg et al.,, 2014), and had
higher relative abundance under RT compared with CT. This
suggests that bacterial filaments could be disturbed by intensive
tillage in a similar manner as fungal hyphae (Beare et al,, 1997;
Wright et al., 1999; Borie et al., 2006; Wang et al., 2010; Kihara
et al, 2012; Lu et al, 2018). These results are in line with
other metagenomic analyses of agricultural soils (De Vries et al.,
2015; Grafe et al., 2018) implying that bacterial communities are
overall very stable, in both composition and functionality, under
long-term management, and show little differences between
agricultural treatments,

The genes related to the production of EPSs and LPSs
maintained stable relative abundances not only under different
tillage intensities, but also between the sites. Amongst the
investigated genes, the only one that showed significant changes
in our datasets was wza. This gene had higher relative abundance
in Moskanjci and Juchowo compared to Frick. Previous studies
showed that wza is an important component of the EPS synthesis
pathway (Cania et al., 2019a,b). This gene encodes for an outer
membrane channel transporting a variety of EPSs through the
outer membrane of many different bacterial taxa (Pereira et al.,
2013). Its lower relative abundance in Frick could indicate that
the conditions there are more favorable for bacteria compared
to Mogkanjci and Juchowo, and do not require as high potential
for the formation of EPSs. For example, fine-textured clayey
soils offer bacteria more protection from protozoan predation
than more coarse-textured silty and sandy soils (Rutherford
and Juma, 1992). Similarly, soils with higher clay content tend
to be better at retaining water (Amooh and Bonsu, 2015).
Therefore, the protection from engulfment by protozoa and from
desiccation provided by polysaccharides could possibly hold less
importance in soils with high clay content, such as in Frick,
compared with silty and sandy soils, such as in Moskanjci and
Juchowo, respectively.

While site had little impact on the relative abundances of
the investigated genes, it had an important role in shaping
the composition of bacterial communities. In fact, the relative
abundances of most (64.7%) detected families differed between
the sites. Such strong influence of site as a factor shaping bacterial
communities was expected, as soil bacteria can be affected by soil
and site characteristics such as pH, climate, nutrient availability,
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and plant species (Fierer, 2017). These parameters varied between
the investigated sites, and their impact could be seen in our
metagenomic datasets, including the potential EPS and LPS
producers such as the aforementioned Bradyrhizobiaceae and
Sphingomonadaceae. Bradyrhizobiaceae, which are known for
forming symbiotic associations with lupine (Reeve et al., 2013;
de Souza et al, 2014), had the highest relative abundance in
Juchowo, where this plant species was cultivated at the time
of sampling, whereas Sphingomonadaceae, a bacterial family
with more oligotrophic traits (Glaeser and Kimpfer, 2014), had
the highest relative abundance in Moskanjci, where nutrient
availability (dissolved organic carbon and nitrogen) was the
lowest, The fact that these important potential producers of EPSs
and LPSs differed in their relative abundance between the sites
makes it surprising that site as a factor did not have a stronger
influence on the relative abundance of the investigated genes.
After all, the functioning of bacterial communities has been
repeatedly shown to depend on their composition (Langenheder
et al., 2006; Strickland et al., 2009; Reed and Martiny, 2013;
Logue et al., 2016). However, some studies also found that the
functional structure can be highly conserved among bacterial
communities inhabiting similar environments despite their
taxonomic variability (Louca et al.,, 2018). This is in agreement
with the theory about functional redundancy, which states that
a community maintains important functions even though its
members may change (Allison and Martiny, 2008). Along the
same lines, Fondi et al. (2016) postulated that bacterial gene pools
are shaped by broad ecological niches, such as soil, sea water,
inland water or host. As the bacterial potential for EPS and LPS
production (i) could possibly increase the ecological fitness of
bacteria living in agricultural soils, (ii) was found in most families
detected in our metagenomic datasets, including all the dominant
families, (iii) was maintained at a stable level by the bacterial
communities at the studied sites despite different taxonomic
structures, we propose that this potential is promoted mainly in
agricultural soils. Whether this applies to soils in general as well
as other environments requires further investigation.

Site-Specific Response to Tillage of
Potential EPS/LPS Producers

Even though the relative abundances of genes involved in
the formation of EPSs and LPSs were mostly stable in our
study, the aggregating capabilities of bacterial polysaccharides
produced under different tillage treatments at the studied sites
might have differed. In fact, even closely related bacteria can
produce different types of polysaccharides (Sutherland and
Thomson, 1975). At the same time, it has been shown that the
slightest structural changes can lead to different properties of
a polysaccharide (Suresh Kumar et al, 2007). Therefore, the
aggregating capacities of polysaccharides may differ depending
on which bacteria produce them. In our study, we found several
bacterial families whose relative abundance of genes related to
the formation of EPSs and LPSs differed under CT and RT.
Even though the response of these families could be predicted to
some extent, as all the responders that belonged to Actinobacteria
had higher potential to form adhesive polysaccharides under RT
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compared with CT, none of the identified responsive families
responded to tillage intensity at all the studied sites. This indicates
that the influence of tillage on polysaccharide-producing bacteria
is site-specific. Furthermore, the response of a few of the families
whose potential for EPS and LPS formation was affected by tillage
was inconsistent when the sites were compared. For example,
the relative abundance of genes involved in the production of
polysaccharides harbored by Oxalobacteracea was higher under
CT in Mogkanjci, but under RT in Juchowo. Oxalobacteracea
are commonly found in soils, and some members of this
family are employed in agriculture as plant growth-promoting
agents (Baldani et al., 2014). However, little is known about
the polysaccharides that they synthesize (Hiraishi et al., 1997).
This underlines the importance of metagenomic studies, which
enable the investigation of the community dynamics of bacterial
EPS and LPS producers under natural conditions. While
untargeted isolation attempts of soil-aggregating bacteria from
agricultural soils yield mostly easily culturalable taxa such
as Pseudomonas and Bacillus (Caesar-Tonthat et al, 2014),
metagenomics could help to identify the potential key players
of soil aggregation, and design more targeted isolation-based
approaches. In turn, metagenomic studies, which are limited
by the availability of data obtained from isolates, would benefit
from additional cultivation efforts. Such complementation of
different methodological approaches is especially critical, as the
direct measurement of bacterial polysaccharides in soils still
requires more research before they will be reliable and give more
information than aggregate stability data (Redmile-Gordon et al.,
2014; Costa et al., 2018).

CONCLUSION

Our study shows that the bacterial potential to form EPSs
and LPSs is a possible link between soil aggregate stability,
tillage intensity and soil texture. Specifically, we found that
improved aggregate stability was connected with increased
absolute abundance of genes related to the production of adhesive
polysaccharides, and that the positive effects of RT over CT were
most pronounced in the soil with a balanced content of clay, silt
and sand. We propose that this could be because predominantly
clayey soils are stabilized by their high clay content by itself,
whereas very sandy soils lack the particles that could be easily
glued together by bacterial polysaccharides into stable soil
aggregates. This needs to be further investigated under more
controlled conditions, as field trials are characterized by many
other parameters that could also influence bacterial responses.
Additionally, our results show that although the potential to
produce EPSs and LPSs seems to be an important trait for bacteria
in agricultural soils, as they try to maintain its stable levels within
their communities, tillage intensity could have an impact on the
aggregating properties of bacterial polysaccharides by inducing
shifts in the community of potential polysaccharide producers. As
the observed effects of tillage intensity were site-specific, and were
likely connected to the differences in soil texture, we propose that
further research should focus on disentangling the complicities of
bacterial responses to disturbances in soils with different textures.
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the relative abundances of their sequences related to EPS and LPS formation. Error bars show
standard deviations.
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Supplementary Table 1. Details of the raw and filtered sequencing data. “F”, “M” and “J” at the
beginning of the sample names stand for “Frick”, “Moskanjci” and “Juchowo”, respectively. The
following letter “C” or “R” stands for conventional or reduced tillage. The number distinguishes the
replicates.

Frick
Raw data FC1 FC2 FC3 FR1 FR2 FR3
Number of reads 3666752 2103714 1648448 2516708 2335156 2311802

Average length of reads [bp] 301.00 301.00 301.00 301.00 301.00 301.00
Filtered data

Number of reads 3666146 2102832 1647552 2516294 2334850 2311356
Average length of reads [bp] 297.71 293.97 291.52 297.59 297.91 297.87

Moskanjci
Raw data MC1 MC2 MC3 MR1 MR2 MR3
Number of reads 3381440 2009488 2860256 3701668 2644092 2913230

Average length of reads [bp]  301.00 301.00 301.00 301.00 301.00 301.00
Filtered data

Number of reads 3380688 2009194 2859498 3701194 2643614 2912892
Average length of reads [bp]  297.72 297.17 298.04 297.98 297.94 298.12

Juchowo
Raw data cl ic2 c3 JR1 JR2 JR3
Number of reads 3270470 2402428 2856936 3058810 2678352 3178412

Average length of reads [bp]  301.00 301.00 301.00 301.00 301.00 301.00
Filtered data

Number of reads 3269872 2401852 2856422 3058184 2677828 3177714
Average length of reads [bp] 297.81 297.76 297.91 297.51 297.64 297.55
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Supplementary Table 3. Influence of soil trial, tillage and their interaction on the relative
abundances of the dominant bacterial families, as determined by a robust 2-way ANOVA. Effect
sizes (o) and significance levels were calculated based on triplicates (n = 3). Significance levels are
represented by the amount of stars: 1 —p <0.05,2 —-p <0.01,3 —p <0.001.

Robust ANOVA (effect sizes and significance levels)

Family Trial Tillage Trial x Tillage
Bradyrhizobiaceae 0.90 *** 0.00 ns 0.00 ns
Streptomycetaceae 0.27 ns 0.22 ns 0.00 ns

Sphingomonadaceae  0.77 *** 0.00 ns 0.01 ns
Mycobacteriaceae 0.67 *** (.15 *** 0.07 ns

Comamonadaceae 0.48 *** 0.02 ns 0.02 ns
Chitinophagaceae 0.58 *** 0.01 ns 0.00 ns
Nocardioidaceae 0.68 *** (.14 *** 0.00 ns
Pseudonocardiaceae  0.55 *** 0.24 ns 0.00 ns
Burkholderiaceae 030 ns 0.00 ns 0.06 ns
Planctomycetaceae 0.64 *** 0.00 ns 0.05 ns
Gemmatimonadaceae 0.88 *** 0.00 ns 0.00 ns
Micromonosporaceae  0.70 *** 0.17 * 0.00 ns
Hyphomicrobiaceae 0.98 *** 0.00 ns 0.00 ns
Acidobacteriaceae 0.52 ** 0.03 ns 0.00 ns
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Supplementary Table 4. Influence of trial, tillage and their interaction on the relative abundances of
bacterial reads assigned to genes encoding for proteins involved in EPS and LPS formation, as
determined by a robust 2-way ANOVA. Effect sizes (0”) and significance levels were calculated
based on triplicates (n = 3). Significance levels are represented by the amount of stars: 1 —p < 0.05, 2

~p<0.01,3-p<0.00l.

Robust ANOVA (effect sizes and significance levels)

Gene Trial Tillage Trial x Tillage
wza 0.40 *** 0.00 ns 0.07 ns
wcaB 0.13 ns 0.00 ns 0.02 ns
wcaF 0.00 ns 0.06 ns 0.01 ns
wcakK/ams)  0.03 ns 0.00 ns 0.02 ns
kpsE 0.07 ns 0.00 ns 0.03 ns
algE 0.00 ns 0.00 ns 0.00 ns
alg) 0.00 ns 0.00 ns 0.08 ns
sacB 0.03 ns 0.00 ns 0.15 ns
wzt 0.00 ns 0.00 ns 0.11 ns
IptC 0.20 ns 0.00 ns 0.01 ns
IptF 0.17 ns 0.00 ns 0.00 ns
IptG 0.27 ns 0.00 ns 0.00 ns
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Supplementary Table 5. General influence of trial, tillage and their interaction, as well as site-
specific influence of tillage in Frick, Moskanjci and Juchowo on the estimated absolute abundances
of the EPS and LPS genes harbored by the dominant bacterial families, as determined by a robust 2-
way ANOVA and a robust t-test, respectively. Corresponding effect sizes (u)2 and r) and significance
levels were calculated based on triplicates (n = 3). Significance levels are represented by the amount

of stars: 1 —p<0.05,2-p<0.01,3 -p<0.001.

Robust ANOVA (effect sizes and significance levels)

Gene Trial Tillage Trial x Tillage
wza 0.84 *** 0.04 ns 0.03 ns
wcaB 0.90 *** 0.02 ns 0.00 ns
wcaF 0.82 *** 0.03 ns 0.00 ns
wcaK/ams) 0.00 ns 0.00 ns 0.27 ns
kpsE 0.90 *** 0.03 ns 0.02 ns
alge 0.10 ns 0.00 ns 0.00 ns
alg) 0.52 *** 0.01 ns 0.00 ns
sacB 0.28 *** 0.01 ns 0.00 ns
wzt 0.85 *** 0.04 * 0.04 ns
IptC 0.75 *** 0.03 ns 0.02 ns
IptF 0.85 *** 0.03 ns 0.01 ns
IptG 0.84 *** 0.03 ns 0.01 ns
Robust t-test (effect sizes and significance levels)

Gene Frick Moskanjci Juchowo
wza 0.83 *** 0.91 *** 0.14 ns
wcaB 0.69 ns 0.82 *** 0.25 ns
wcaF 0.53 ns 0.89 *** 0.35 ns
wcaK/amsJ 0.81 ns 0.66 ns 0.38 ns
kpst 0.88 *** 0.53 ns 0.37 ns
algE 0.18 ns 0.64 ns 0.10 ns
alg) 0.46 ns 0.77 *** 0.41 ns
sacB 0.28 ns 0.80 *** 0.94 ***
wzt 0.89 *** 0.81 *** 0.31 ns
IptC 0.65 ns 0.58 ns 0.23 ns
IptF 0.71 ns 0.85 *** 0.01 ns
IptG 0.69 ns 0.89 *** 0.00 ns
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Supplementary Table 6. Influence of trial, tillage and their interaction on the relative abundances of
the EPS and LPS genes harbored by the dominant bacterial families, as determined by a robust 2-way
ANOVA. Effect sizes (o) and significance levels were calculated based on triplicates (n = 3).
Significance levels are represented by the amount of stars: 1 —p <0.05,2 —p <0.01,3 —p <0.001.

Robust ANOVA (effect sizes and significance levels)

Family Trial Tillage  Trial x Tillage
Bradyrhizobiaceae 0.55 *** 0.00 ns 0.00 ns
Streptomycetaceae 0.00 ns 0.00 ns 0.03 ns
Sphingomonadaceae  0.26 ns 0.00 ns 0.05 ns
Mycobacteriaceae 0.09 ns 0.06 ns 0.02 ns

Comamonadaceae 0.47 *** 0.00 ns 0.00 ns
Chitinophagaceae 031 ns 0.00 ns 0.00 ns
Nocardioidaceae 0.04 ns 010 ns 0.30 ns
Pseudonocardiaceae  0.00 ns 0.00 ns 0.00 ns
Burkholderiaceae 0.00 ns 0.00 ns 0.00 ns
Planctomycetaceae 0.29 ns 0.00 ns 0.00 ns

Gemmatimonadaceae 0.72 *** 0.08 ns 0.00 ns
Micromonosporaceae 0.00 ns 0.00 ns 0.00 ns
Hyphomicrobiaceae 0.39 *** 0.00 ns 0.00 ns
Acidobacteriaceae 0.52 *** 0.00 ns 0.00 ns
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Supplementary Table 7. Influence of tillage on the overall relative abundance and the abundance of
EPS and LPS genes of families whose potential for the formation of EPSs and LPSs was affected by
tillage in each trial. Effect sizes (o”) and significance levels were calculated based on triplicates
(n = 3). Significance levels are represented by the amount of stars: 1 —p <0.05,2 - p<0.01,3-p <
0.001.

Robust t-test (effect sizes and significance levels)

Relative abundance Relative abundance

Trial Family of families of EPS/LPS genes
Cytophagaceae 0.50 ns 0.84 ***
Alteromonadaceae 0.12 ns 0.81 ***
Porphyromonadaceae 0.52 ns 0.75 *¥*x*
Flavobacteriaceae 0.59 ns 0.71 k**
Geodermatophilaceae 0.28 ns 0.92 k¥*

Frick Acetobacteraceae 0.64 ns 1.00 ***
Aurantimonadaceae 0.26 ns 0.95 k**
Enterobacteriaceae 0.47 ns 0.89 k**
Myxococcaceae 0.64 ns 0.96 ***
Cellulomonadaceae 0.42 ns 0.94 *x*
Rhodospirillaceae 0.48 ns 0.97 ***
Oxalobacteraceae 0.80 *** 0.91 ***
Cellvibrionaceae 0.59 ns 0.89 (k¥*
Opitutaceae 0.49 ns 0.84 *x*
Cytophagaceae 031 ns 0.75 k¥*
Mycobacteriaceae 0.94 *** 0.78 k**

“ Rhodobiaceae 0.31 ns 0.73 ***
Moskanijci .
Alcaligenaceae 0.20 ns 0.71 k**
Frankiaceae 0.75 *** 0.99 ***
Isosphaeraceae 0.18 ns 0.86 ***
Balneolaceae 0.63 *** 0.97 *x*
Gemmataceae 0.68 ns 0.83 ***
Hapalosiphonaceae 0.43 ns 0.87 ***
Desulfobulbaceae 031 ns 0.93 k¥*
Mariprofundaceae 0.31 ns 0.99 k**
Gemmatimonadaceae 0.43 ns 0.84 ***
Flavobacteriaceae 0.00 ns 0.88 ***

Juchowo Halieaceae 0.89 *** 1.00 ***
Oxalobacteraceae 0.29 ns 0.91 (k**
Acetobacteraceae 0.25 ns 0.69 ***
Nocardioidaceae 0.80 ns 0.92 k**
Polyangiaceae 0.82 ¥** 0.76 ***
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