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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 
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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.  
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Zusammenfassung 

Boden ist eine wichtige Ressource, die besonders durch fortschreitende Bodenerosion gefährdet wird. 

Dadurch gehen jedes Jahr große Mengen an fruchtbarem Boden verloren. Stabile Bodenaggregate 

können dieser Entwicklung entgegenwirken. Die Bildung solcher stabilen Aggregate wird unter anderem 

durch Bakterien begünstigt, die durch die Produktion von Exopolysacchariden (EPSs) und 

Lipopolysacchariden (LPSs) die Bodenpartikel zusammenhalten. Bisher wurde das bakterielle Potential 

zur Produktion von LPS und EPS hauptsächlich an isolierten Stämmen untersucht, während wenig 

darüber bekannt ist wie sich die Zusammensetzung der EPS/LPS produzierenden, bakteriellen 

Gemeinschaft unter Feldbedingungen verändert und wie sich dies auf die Bodenaggregierung auswirkt. 

Die aktuelle Arbeit adressiert diese Forschungslücke, indem EPSs und LPSs produzierende, bakterielle 

Gemeinschaften in Agrarökosystemen und initialen Ökosystemen, insbesondere biologischen 

Bodenkrusten, untersucht wurden. Beide sind dafür bekannt besonders anfällig für Erosion zu sein. Um 

die relevanten Bakterien und Prozesse zu identifizieren haben wir einen Metagenomansatz gewählt. 

Dazu haben wir zwei bioinformatische Ansätze kombiniert, nämlich 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 für Proteine kodieren, die an der 

Assemblierung von EPS/LPS Molekülen beteiligt sind, dem darauffolgenden Export in die Umwelt oder 

der extrazellulären Synthese. Um auch eine Abschätzung der absoluten Abundanz der beteiligten 

Bakterien zu realisieren, wurden die erhaltenen relativen Abundanzen aus den Metagenomanalysen mit 

Daten über die mikrobielle Biomasse in den Proben kombiniert. Außerdem wurden die 

Metagenomdaten mit Messungen der Aggregatstabilität und der 3D Porenstruktur des Bodens 

kombiniert. 

Die Ergebnisse zeigen, dass das bakterielle Potenzial zur Synthese von adhäsiven Polysacchariden 

hauptsächlich 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 Diversität der EPS und LPS Produzenten bestimmt die Aggregatstabilität im Boden. 

Beide Faktoren werden maßgeblich durch Umweltfaktoren wie pH-Wert, Nährstoffverfügbarkeit und 

Bodentextur beeinflusst. Zu den bakteriellen EPS/LPS Produzenten, die sich am stärksten in den 

verschiedenen Umweltproben unterschieden, zählen 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 Häufigkeit als auch die taxonomische Zuordnung der verschiedenen LPS/EPS Produzenten 
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beeinflusst. Dabei spielte insbesondere die Intensität 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 Ökosystemen 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 



11 
 

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. 

 

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

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 µm) and 

microaggregates (< 250 µm) 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 
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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). 

 



16 
 

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 α-D-glucans, 

β-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- β- and 1,3-β- bonds, or more flexible 1,2-α- and 1,6-α- 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. 

 

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 β-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 β-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). 

 

Figure 3. Pathways of the biosynthesis of EPSs found in bacteria: a) Wzx/Wzy-dependent pathway,        

b) ABC transporter-dependent pathway and c) synthase-dependent pathway represented for Gram-

negative bacteria, as well as d) extracellular biosynthesis represented for Gram-positive bacteria 

(adapted from Schmid, 2018 and 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            

β-linked Kdo residues, the Kdo residues in the inner core of LPS are joined by α- 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 (LptB2FGCADE) (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). 

 

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 (Büdel 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 



25 
 

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 (Mäder 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 (Mäder 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 (Mäder 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 (Vlček 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-3. 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 T0 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. 

 

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 T0, 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) Moškanjci, 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 Moškanjci Juchowo 

Trial start 2002 1999 2010 

Geographic coordinates 47˚30’N, 8˚01’E 46˚03’N, 15˚04’E 
53˚40’N, 

16˚30’E 

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

Soil type 
Stagnic Eutric 

Cambisol 

Skeletic Eutric 

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 

before the 2nd sampling campaign 
spelt-grass & clover winter rye-cover crops spelt-lupine 

 

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 Moškanjci 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 
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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 Moškanjci), 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 Moškanjci, 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. 

 

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 Köhne et al. (2011) and Vogel et al. (2010). 

The measurement of pH was achieved in CaCl2 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 II DNA Library Prep Kit for Illumina (P3), and NEBNext Multiplex Oligos for Illumina (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 (Illumina, USA). Raw sequencing data was 

uploaded to the Sequence Read Archive (SRA) under the accessions numbers PRJNA509545 (P1), 

PRJNA387672 (P2) and PRJNA555481 (P3), respectively. The processing of the samples is shown in 

Figure 8a. 

 

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

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 (Glöckner et al., 2017) assignment 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. 

KO 

number 
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 TIGR04006 wcaK/amsJ 
colanic acid/amylovoran biosynthesis pyruvyl transferase 

WcaK/AmsJ 

K10107 TIGR01010 kpsE capsular polysaccharide export system permease KpsE 

K19420 TIGR01006 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 algJ alginate biosynthesis acetyltransferase AlgJ 

K00692 PF02435 sacB levansucrase SacB 

K09691 PF14524 wzt O-antigen ABC transporter ATP-binding protein Wzt 

K11719 
TIGR04409, 

PF06835 
lptC 

LptB2FGCADE lipopolysaccharide export complex inner 
membrane protein LptC 

K07091 TIGR04407 lptF LptB2FGCADE lipopolysaccharide export complex permease LptF 

K11720 
TIGR04408, 

PF03739 
lptG LptB2FGCADE 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 lme 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 Schönbrodt, 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 (ω2) 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 ρ (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; Köhne 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 lptF and lptG of the LPS synthesis pathway, which encode for 

the transmembrane proteins LptF and LptG of the LptB2FGCADE 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 LptB2FGCADE 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, lptC, 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 lptF and lptG 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 kpsE 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; López 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 lptF and lptG 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 

Kämpfer, 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 Kämpfer, 

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 Kämpfer, 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, lptF and lptG, 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 
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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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