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ABSTRACT 

Soil pore provides an essential habitat for microbial communities to participate in various 

biogeochemical processes. The complex pore spaces, which are defined by the arrangement of 

particles of varying sizes, govern the distribution of water for microbial dispersal and movement 

and microbial interaction with one another, such as bacterial cell-to-cell and bacterium-virus 

interactions. This research focused on exploring how soil pores influence a soil water retention 

and bacterial interactions and quantify the spatial distribution of bacteria and viruses in fine scale 

of soil pores. Using a mathematical model, this study simulated soil water retention curve based 

on the relationship between soil pores and water retention characteristics. A fractional bulk 

density (FBD) concept was proposed in the model to estimate pore water content under varying 

matric potential. Comparing the estimated results of the water retention curve with the measured 

data, the model behaved overall well. The proposed model provides an easy way to evaluate the 

impacts of soil pores on water conservation in soils. Based on the concept in the FBD model, 

sand media with different pore sizes coupled with different surface properties were used to 

evaluate conjugation-based bacterial cell-to-cell interactions. The presence of sand increased 

conjugation frequency compared to sand-free controls. The frequencies were a function of pore 

size and bacterial adhesion on sand surfaces with smaller pores and more adhesion lowering 

bacterial conjugation frequency. Collision of bacteria in pore spaces promoted their interactions, 

while limited motility of bacteria trapped in smaller pores or adhered to sand surfaces reduced 

the interactions. To further investigate microbial activity in fine scale pores, the spatial 

distribution of bacteria and viruses in soil was characterized by using advanced small angle X-

ray/neutron scattering techniques. Bacteria and viruses have their optimal strategies for survival 

in soil pores in response to soil harsh environments. Bacteria preferred to colonize in the pores 
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greatly close to their sizes and viruses aggregated to prevent penetrating into nanopores. These 

observations highlighted soil pore-associated water and microbial dynamics and advance the 

understanding of the functions of soil pores in soil ecosystems. 
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Soil bacterial and viral communities sustain key functions in soils such as carbon and 

nutrient cycling, plant health, and agricultural sustainability (Kuzyakov and Mason-Jones, 2018; 

Williamson et al., 2017; Wilpiszeski et al., 2019). Soil microbes influence soil biogeochemical 

cycling by decomposing organic matter into inorganic forms of carbon, nitrogen, phosphorus, 

and other nutrients (Ciric et al., 2012). Viruses that infect bacteria are a major cause of bacterial 

mortality and thereby also dramatically alter biogeochemical processes (Jover et al., 2014).  

As habitats of prokaryotes and viruses, soils can be viewed as a complex 3D structure 

consisting of pore spaces and packed aggregates (Bailey et al., 2013). The pores and aggregates 

are important in shaping interactions between bacterial cells since bacteria occupy specialized 

niches that exist within and between aggregates (Tecon et al., 2018). The spatial interactions of 

bacteria in soil pores have a crucial influence on the spread of viruses between bacterial cells 

through induced lysis and horizontal gene transfer. As a result, bacterial distribution in pores 

affect the function and evolution of bacterial communities and hence influence biogeochemical 

cycles (Weitz and Wilhelm, 2012). Moreover, soil aggregates can influence bacterial/viral 

distribution and functions (e.g., based on control of physicochemical stresses) through spatial 

confinement. Across aggregate structures, interaggregate pore spaces range from 10 to 30 μm 

while intra-aggregate pore spaces range from 1 to 2 μm (Bailey et al., 2013). The pore sizes, 

volumes, and connectivity are coupled to control the diffusion of solutes or water and the 

mobility of bacteria and viruses. For example, bacteria and viruses can become spatially 

separated from dissolved nutrients under low moisture conditions (Or et al., 2007). Therefore, 

more complete understanding virus-bacterium-pore relationships may lead to improved 

management and soil ecosystem health. However, previous studies paid little attention to the 

constraints imposed by pore structure on soil inhabitants (i.e., bacteria and viruses).  
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To better understand biotic and abiotic interactions governed by pore structure, porous 

matrix-based experiments were used to investigate bacterial cell-to-cell interactions and 

bacterial/viral distribution in response to pore hydrology and solution chemistry in this study. 

Characterizing the pore-bacterium-virus relationships at pore-scales will allow for a refined 

understanding of soil biogeochemical processes. 

 

1.1 Microbes in soil environment 

Soil microbes (e.g., bacteria, viruses) are the drivers of key biogeochemical cycles of 

carbon, nitrogen, and phosphorous (Tecon and Or, 2017). The roles of soil bacteria in directing 

nutrients through the soil-food-web are termed the “Microbial Loop” (Clarholm, 1985; Zwart et 

al., 1994). Briefly, roots of plants release carbon into soil to stimulate organic nitrogen 

mineralization from exudates. Bacteria use the root-released carbon and soil organic matter 

(SOM)-released nitrogen for growth. Predatory soil animals feed on bacteria, further releasing 

inorganic nitrogen. Plants then take up the mineral nitrogen and create a feedback effect that 

enhances the release of organic carbon into soil (Crowther et al., 2019; Kuzyakov and Mason-

Jones, 2018). 

Soil microbes share their habitat with a vast diversity of neighbors, resulting in microbial 

interactions including competition and cooperation mediated by diffusible metabolites and 

signals (Little et al., 2008; Van Elsas et al., 2006; Velicer and Vos, 2009), and horizontal gene 

transfer (HGT) mediated by conjugative pili (Soucy et al., 2015). The conjugation as one of the 

most important mechanisms of HGT occurs through direct donor-recipient physical cell contact 

and single-stranded DNA is transferred from the donor cell to the recipient cell (Macé et al., 

2022; Soucy et al., 2015; Waksman, 2019). Before the transfer can occur, transfer (tra) genes 
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(Dtr and T4S genes) must be expressed and a T4SS (type IV secretion system) assembled. 

Single-stranded DNA (ssDNA) molecules transferred from donor to recipient bacterial cells are 

ubiquitous in the microbial world (Koraimann and Wagner, 2014). Donor cells secret ssDNA 

facilitated by proteins that can initiate a rolling circle type replication by cleaving one strand of 

the double-stranded DNA (dsDNA) at a site termed oriT (origin of transfer) (Guglielmini et al., 

2013; Waksman, 2019). The nucleoprotein complex consists of the nicked plasmid DNA and the 

proteins required for DNA transfer and replication (termed Dtr) (Bhatty et al., 2013). The Dtr 

complex is docked to the T4S (type IV secretion) complex via protein-protein interactions after 

the T4S complex has been pre-assembled in the cell envelope (Bhatty et al., 2013; Zechner et al., 

2012). ssDNA is then translocated through the conjugation channel (the T4S apparatus) directly 

into the cytoplasm of the recipient (Zechner et al., 2012). The DNA in the cytoplasm of recipient 

cells is recircularized to regenerate a circular ssDNA which can be reconstituted to the double 

stranded plasmid DNA (Wilkins, 2002). Strategies to secure successful gene transfer in natural 

environments require sensing mechanisms that ensure that tra genes are turned on at the right 

time and the right place (Koraimann and Wagner, 2014). The conjugation process enables the 

transfer of genetic material not only within but also across genera (Yu et al., 2021). The 

multitude of microorganisms shares a pseudo-common genetic pool, which could blur the 

boundaries between distinct phylogenetic clades (Rodríguez-Beltrán et al., 2021). The plasmids 

have an important role in bacterial evolution by transferring beneficial traits to recipients and 

positively contributing to recipient fitness (Rodríguez-Beltrán et al., 2021). For example, 

plasmids are often associated with toxin resistance genes, metabolic genes, virulence factors and 

a wide range of secreted factors (Soucy et al., 2015). When these elements are accepted by 

recipients, the recipients can expand their ecological niches (Rodríguez-Beltrán et al., 2021).  
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Viruses are ubiquitous in the environment and can greatly influence microbial 

community structure and functions (Kuzyakov and Mason-Jones, 2018). To infect bacterial 

hosts, viruses must come in direct physical contact with their hosts. For example, when a tailed 

virus encounters a suitable host, its tail will first bind to the surface of the bacterium at specific 

receptors (Kuzyakov and Mason-Jones, 2018). Many studies have shown that viruses are the 

most abundant biological entities in the sea, typically 108 to 109 per liter in surface water (5-25 

times the bacterial abundance) (Børsheim, 1993; Fuhrman, 1999; Paul et al., 1993; Steward et 

al., 1996; Wommack et al., 1992). In soil, viral abundance is up to 1010 per gram, and this value 

might be underestimated due to extraction and detection methods (Williamson et al., 2017). 

Viruses with huge numbers are known to affect microbial dynamics, metabolism, and 

biogeochemistry (Brum and Sullivan, 2015; Emerson et al., 2018; Guidi et al., 2016; Suttle, 

2007). Viral infection with very high rates is now recognized as a top-down (predation) control 

of bacterial mortality and biomass turnover in soil and aquatic environments (Kuzyakov and 

Mason-Jones, 2018; Zimmerman et al., 2020). Previous studies indicated that up to 46% of the 

bacterial population in aquatic environment are affected by viral lytic infection (Bi et al., 2021; 

Jover et al., 2014; Weinbauer, 2004). By lysing about 20%-50% of bacteria per day in the ocean, 

viruses involve carbon and other nutrients back into the dissolved pool (Bi et al., 2021; Brum and 

Sullivan, 2015; Suttle, 2007; Weitz and Wilhelm, 2012). This process of virus-mediated 

recycling of nutrient is known as the “Viral Shunt” (Jover et al., 2014). The viral shunt has 

strong implications for soil and aquatic nutrient cycling, and the high rates of viral infection in 

soil drive the viral shunt. Viruses infect and lyse bacterial cells, releasing nitrogen into the 

rhizosphere. The nitrogen is directly available for plants and increases root growth and 

development and meanwhile facilitates carbon release into the rhizosphere (Kuzyakov and 
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Mason-Jones, 2018). Viruses also contribute to horizontal gene transfer through transduction 

(Mann et al., 2003; Suttle, 2007). Viruses reprogram the metabolism of their hosts via the 

expression of virus-encoded auxiliary metabolic genes (AMGs) (Roux et al., 2016). The 

metabolic functions of AMGs include carbon, nitrogen, and sulphur metabolism, photosynthesis, 

and phosphate scavenging (Hsieh and Wanner, 2010; Roux et al., 2016; Sullivan et al., 2006).  

Soil pore heterogeneity coupled with different microbial sizes controls the accessibility of 

pore space for microbes, influencing their interactions such as viral infection of bacteria, hence, 

impacting biogeochemical cycles. Studies showed that the size of most viruses ranges from 30 

nm to 80 nm whereas bacteria ranges from 0.2 μm to 5 μm. Consequently, viruses are on average 

20-50 times smaller than bacterial cells, and viral volume is 8,000-125,000 times smaller than 

the volume of bacterial cells (Kuzyakov and Mason-Jones, 2018). Due to this large difference in 

size, viruses, in theory, can occupy all pores available to bacteria, but bacteria cannot access the 

soil pores smaller than 200 nm that may contain a considerable portion of the viral biomass. 

Thus, if the small pores and larger pores become hydrologically disconnected viruses may 

become physically separated from their bacterial hosts when soil moisture becomes limiting. 

This spatial context controls the probability for a virus to encounter bacterial host, infect it and 

possible mediate transfer of DNA. Ultimately, by constraining the distribution and potential 

interaction of viruses and their host organisms, soil pore structure and impact soil 

biogeochemistry. Unfortunately, detailed evidence in this regard is completely lacking. 

Developing a better understanding of how soil pore network affects contacts among bacteria and 

viruses is very important for revealing basic principles that govern soil microbial community 

diversity, dynamics, and functioning. 
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1.2 Soil as microbial habitat 

Soil structure is the 3D arrangement of the aggregates and pore space across different 

scales (Schlüter et al., 2020). The individual soil particles with sizes ranging from 50 to 2,000 

μm, from 2 to 50 μm, and less than 2 μm are classified as sand, silt, and clay, respectively 

(Hillel, 2003; Ochsner, 2022). Soil structure describes the shape, size, and spatial arrangement of 

sand, silt, and clay. The different sized particles are often organized into 3D assemblages called 

aggregates (Ochsner, 2022). Different aggregation of soil particles results in heterogeneous 

arrangement of soil pores between particles. The heterogeneous soil pores, where hydration 

conditions and nutrients diffusive fluxes fluctuate, are key factors promoting microbial diversity 

in soil (Dion, 2008; Kraemer et al., 2016). 

 

1.2.1 Soil aggregates 

Soil aggregates are the basic components of solid phase of soil structure, and aggregation 

results from particle rearrangement, flocculation, and cementation (Bronick and Lal, 2005; 

Duiker et al., 2003; Han et al., 2021; Six et al., 2000). Soil aggregates are classified as two 

groups, i.e., microaggregates (53-250 μm) and macroaggregates (250-2,000 μm) (Six and 

Paustian, 2014). Microaggregates (Cl-P-OM) are formed from organic molecules (OM) attached 

to clay (Cl) and polyvalent cations (P). As hierarchical structure, microaggregates are bound 

horizontally (x) and vertically (y) together into macroaggregates ([(Cl-P-OM)x]y). In turn, 

macroaggregates are formed around particulate organic matter (POM) and can release 

microaggregates during breakdown (Six et al., 1999; Tisdall and Oades, 1982). The bonds within 

microaggregates are more persistent than the bonds between macroaggregates (Edwards and 

Bremner, 1967; Rabot et al., 2018; Schlüter et al., 2020). 
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The distribution and relative abundance of macro- and microaggregates influence 

biogeochemical cycles (e.g., C, N, P, S), gas diffusion,  water content, and flow channel shape 

(Wilpiszeski et al., 2019). In general, microaggregates physically protect organic matter, and 

macroaggregates regulate water flow and gas diffusion (Carminati et al., 2007; Sexstone et al., 

1985; Tisdall and Oades, 1982). Nearly 90% of soil organic carbon in surface soils was found 

within aggregates and intra-microaggregate organic carbon accounted for 20-40% of the 90% 

organic carbon (Carter and Stewart, 1995; Jastrow, 1996). The decomposition and 

metabolization of soil organic matter (SOM) decreased with decreasing aggregate size, which 

was manifested by plant residue abundance from macro- to microaggregates (John et al., 2005). 

Consequently, microaggregate SOM may be stored for a longer time than macroaggregate SOM. 

The age of organic carbon in macro- and microaggregates was about 15-50 and 100-300 years, 

respectively (Lobe et al., 2011). Besides carbon, the cycling of N, P, and S is also affected by 

aggregate structure. The accumulation of organic N, P, and S in microaggregates was intensive 

compared to that in the bulk soil (Angers and Giroux, 1996). The C:N and C:P ratios decreased 

from macroaggregates to microaggregates (Angers and Giroux, 1996). Moreover, the emissions 

of the greenhouse gases N2O, CO2, and CH4 were also associated with soil aggregates size (Sey 

et al., 2008). Microaggregates produced more CO2 than macroaggregates and bulk soil. The 

emissions of N2O were related to soil water saturation and oxygen diffusion. For example, at 

80% water saturation, oxygen diffusion diffuse into microaggregates was retarded while 

macroaggregates remained oxic (Sey et al., 2008). Denitrification was dominant in 

microaggregates while nitrification was more prevalent in macroaggregates and bulk soil at 80% 

water saturation. Under these conditions, denitrification contributed up to 95% of N2O 
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production from microaggregates, while nitrification was responsible for 97-99% of the N2O 

production from macroaggregates and bulk soil (Sey et al., 2008).  

 

1.2.2 Soil pore system 

The soil pore system regulates water retention and infiltration, gaseous exchanges, and 

SOM and nutrient dynamics (Rabot et al., 2018). Soil pore structure contributes to the diversity 

of microbes and regulates their activities (Rabot et al., 2018). These microbes can in turn shape 

the soil pore structure as feedback, modifying the distribution of water and air (Rabot et al., 

2018; Tecon and Or, 2017). Understanding the links between soil pores and microbial diversity 

and activity is key to the assessment of biological processes. 

Soil pore space is formed between the solid components of soil (i.e., mineral and organic 

matter) (Paul, 2014). Like the aggregate hierarchy, pores are classified as macro-, meso-, and 

micropores depending on their sizes. Although there is no consensus on the size thresholds 

between these categories, soil pores can generally form a tripartite group, including transmission 

pores, storage pores, and residual pores (Greenland, 1977; Van Elsas et al., 2019). Transmission 

pores (approximately 60-300 μm) are the main conduits for gaseous, water and nutrient flow, and 

these pores form the majority of pore space in the soil microbial habitat. Storage pores 

(approximately 0.2-60 μm) can store water for plants and microorganisms (i.e., they do not drain 

under the force of gravity). Pores with neck diameters of approximately less than 0.2 μm are 

residual pores which remain water-filled and also can protect SOM from decomposition by 

limiting bacterial access.  

In addition to pore size, the shape of soil pores determines soil habitability for microbes 

(Paul, 2014). The shape factor divides pores into different geometrical groups: regular (more or 
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less rounded), irregular, and elongated pores (Pagliai and Vignozzi, 2002). The regular can be 

distinguished by two types: spherical pores and channels or chambers. The former is formed by 

entrapped air during soil drying, which have very smooth walls, while the channels or chambers 

are formed by biological activity (e.g., root growth, movement of soil fauna), which possess 

rough walls with deposits of faunal excrement or root exudates. The irregular pores are the 

common soil pores with irregular walls and can be isolated or interconnected. The elongated 

pores can be distinguished in two types: cracks and thin fissures (planes). The cracks are typical 

of clay soils with a depleted soil organic matter content, while the thin fissures are the typical 

transmission pores. For the characterization of elongated pores, not only shape and width of the 

pores but also the length should be determined. Among these three parameters, the length may 

reflect the continuity of pores which can determine the flow of water through soil. For water 

movement through soil, the irregularity and orientation of elongated pores are also important. 

For example, the very regular elongated pores tend to seal when the soil is wet and prevent water 

movement since their pores are flat and smooth. The pores are tightly packed and do not allow 

water to flow easily through them.  In contrast, the moderately regular elongated pores allow 

water movement under wet conditions. These pores have walls and small gaps or spaces between 

the walls of adjacent pores prevent them from fully accommodating with each other. These pores 

provide a pathway for water to flow in a specific direction. The orientation of pores in soil is 

determined by the ratio vertical/horizontal dimension. The process of soil water movement 

depends on whether a vertical or horizontal pore orientation is dominant. 

The soil pore system is affected by hydraulic stress, soil organic matter, clay, biota, and 

ionic bridging. Wetting and drying cycles (hydraulic stress) can change soil pore systems. The 

volume of nonrigid soil increases during water uptake while the volume shrinks after water 
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removal (Peng and Horn, 2007). During drying, there are two shrinkage components, including 

vertical and horizontal directions, in the non-rigid soils. The horizontal shrinkage can produce 

soil cracks that changes soil pore shape (Liu et al., 2003). In addition, wetting and drying cycles 

can bring soil minerals and organic matter into contact to create an aggregated state which might 

make pore size smaller or block pore throats influencing pore connectivity (McCarthy et al., 

2008). Soil organic matter alters soil porosity and pore size distribution by mineral encapsulation 

of colloidal soil organic matter (McCarthy et al., 2008). Clay acts as an aggregant and binds 

particles together to influence pore size and pore connectivity (Bronick and Lal, 2005). 

Biological activity is one of the main drivers of aggregate formation. For example, bacteria and 

fungi can secrete polymeric substances as a glue to aggregate inorganic particles and organic 

materials. This process can also occur in the earthworm’s gut. Fungal hyphae and plant roots can 

hold aggregates together (Totsche et al., 2010). Moreover, surface-adhered microbial colonies 

facilitate mineral weathering to affect soil formation and pore size and shape (Goudie and Viles, 

2012; Tecon and Or, 2017). Metal ions (e.g., Ca2+, Mg2+, Al3+, and Fe3+) in soil change soil 

structure through cationic bridging with clay particles and soil organic matter. The cation Na+ is 

a highly dispersive agent, due to its large hydrated radius, resulting directly in the breakup (i.e., 

dispersion) of aggregates which directly influence soil pore systems (Bronick and Lal, 2005). 

Many agricultural management practices affect soil pore systems: tillage, mulching and residue 

management, manuring, crop cultivation, and mechanical compaction. Tillage can disrupt soil 

aggregates, compact soil, disturb plant and animal communities that contribute to aggregation, 

inhibit microbial and faunal activities that contribute to aggregation (Bronick and Lal, 2005). 

Increased tillage can result in the reduction of macropores and biochannels that influence water 

movement (e.g., preferential flow) and nutrient availability. Mulch and crop residue management 
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can increase aggregate and soil pore stability by decreasing erosion. Manuring results in 

increased porosity by increasing biological activity. Crop cultivation can change soil aggregate 

by crop rotations and cover cropping. Mechanical compaction due to tracked heavy machines 

and cattle trampling affects soil deformation. It can reduce total porosity and the proportion of 

larger pores and increase bulk density (Gabriels et al., 2020; Gürsoy, 2021).  

The soil pore system (i.e., pore shape, pore size distribution, pore arrangement) could 

affect many important processes that are related to plant growth, such as storage and movement 

of water and gases, solute movements, ease of root growth (Ochsner, 2022). There are two 

specific requirements. Firstly, soil must have enough large pores. Large pores allow rapid 

infiltration of surface water followed by early drainage and oxygen does not become limiting. 

Large pores also favor the initiation of root growth. Secondly, since large pores have poor water 

holding capacity, the soil should have enough small pores to resist gravitational drainage (Cary 

and Hayden, 1973). Although the pores larger than 500 μm have some useful effects on root 

penetration and water movement, when the soil with a high percentage of this pore class (>70-

80% of the total porosity), the stability of soil aggregates is poor due to surface cracks developed 

after irrigation or rainfall, which does not favor plant growth (Pagliai et al., 1983). 

 

1.2.3 Soil surface 

Soil has high specific surface area with values ranging between 10-1 to 102 m2 g-1 from 

sandy to clayey soils (Tecon and Or, 2017). Despite high bacterial abundance in soil, only 0.1% 

of the surface area is estimated to be covered by bacterial cells (Chenu and Stotzky, 2001; 

Schmidt and Eickhorst, 2014; Young et al., 2008). Raynaud and Nunan (2014) estimated that if a 

soil with moderate specific surface area of 101 m2 g-1, bacterial density of 1010 cells g-1 and 1000 
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cells per colony that are uniformly distributed over the surface would yield average spacing 

between adjacent colonies of 500 μm in radius. Therefore, the separation distances of bacteria on 

soil surfaces likely impacts bacterial mobility, dispersion, and cell-cell interactions between 

colonies. 

Bacterial adhesion on soil surfaces is influenced by many factors, including material and 

cell surface properties (e.g., surface charge, surface wettability, roughness, topography, stiffness, 

and combination of properties). The impact of surface charge on bacterial adhesion can be 

described using the classical theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO) 

(Derjaguin, 1934; Derjaguin and Landau, 1941; Verwey et al., 1948) (Azeredo et al., 1999; 

Michen and Graule, 2010; Zhang et al., 2019). According to DLVO theory, van der Waals and 

electrostatic interactions are major forces that determine cellular interactions with soil surfaces 

(Renner and Weibel, 2011). If the net charge of soil particles is equal to zero at a particular pH, 

this electrically neutral state is termed an isoelectric point (IEP) (Michen and Graule, 2010). The 

same term also applies to bacteria (Michen and Graule, 2010). The IEP of a bacterium is 

determined by the balance between charging of anionic and cationic acid/base groups in the cell 

surface, as well as specific adsorption of some ions at the cell surface (Rijnaarts et al., 1995). 

Bacterial cell wall surfaces contain carboxyl, amino, and phosphate groups, which can gain or 

lose a proton giving the cell surface a net electrical charge under different pH of the surrounding 

environment (Rijnaarts et al., 1999). At typical soil pH, bacteria usually possess a net negative 

charge, and thereby exhibit more adhesion on positively charged surfaces (Chen et al., 2019; 

Kovačević et al., 2016; Oh et al., 2018). For example, previous studies demonstrated that 

bacteria, such as Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus, had 

greater adhesion on positively charged poly acrylic acid (PAA), poly allylamine hydrochloride 



 14 

(PAHC), and poly diallyldimethylammonium chloride (PDADMAC) surfaces (Kovačević et al., 

2016; Zhu et al., 2015), while reduced bacterial adhesion was observed on the negatively-

charged poly styrenesulfonate (PSS) and polyeletrolyte multilayers (PEM) surfaces (Guo et al., 

2018; Kovačević et al., 2016). However, despite negatively charged surfaces that inhibit bacterial 

adhesion, some bacteria can overcome the electrostatic repulsion and even bind to the surfaces 

due to their surface appendages (e.g., fimbriae) (Ueshima et al., 2002). Ionic strength of the 

background electrolyte is also a critical factor influencing bacterial adhesion in porous media. 

The electric double layer energy of interaction is dependent on the ionic strength of the medium. 

The ionic strength is directly correlated with the thickness of the double layer (Azeredo et al., 

1999). In the DLVO theory, an increase in bacterial adhesion can occur when the electric double 

layer is compressed due to the increased concentration of electrolytes in the range of 0 to 0.1-0.2 

M (Mills et al., 1994). 

Hydrophobicity is an important factor that governs bacterial adhesion. Previous studies 

observed that bacteria with hydrophobic cell surfaces prefer hydrophobic material surfaces while 

those with hydrophilic cell surfaces prefer hydrophilic material surfaces (An and Friedman, 

1998; Krasowska and Sigler, 2014). The influence of surface roughness on bacterial adhesion 

has also been investigated. In general, surface roughness positively correlates with the degree of 

bacterial adhesion (Cheng et al., 2019). Higher surface roughness provides a concave area for 

bacterial adhesion due to the increases of surface area and protects bacteria against shear forces 

(Bollen et al., 1996; Shen et al., 2020; Yoda et al., 2014). Surface topography affects bacterial 

adhesion by changing physicochemical properties of the surface. The main mechanisms of the 

effects of surface topography on bacterial adhesion include physicochemical forces, cell 

membrane deformation, chemical gradients at the solid-liquid interface, hydrodynamics, surface 
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wettability and air entrapment, and topography-induced cell ordering and segregation (Cheng et 

al., 2019). Stiffness is another important factor. Bacterial adhesion increases with increasing 

stiffness of poly(ethylene glycol) dimethacrylate (PEGDMA) and agar hydrogels surfaces 

(Guégan et al., 2014; Kolewe et al., 2015). However, a negative correlation between 

polydimethysiloxane (PDMS) surface stiffness and adhesion was observed (Song et al., 2018; 

Straub et al., 2019). 

 

1.2.4 Soil aqueous phase 

Soil water types include gravitational water, capillary water, and hygroscopic water. 

Gravitational water is that in soil large pores and is readily lost by gravitational force. Capillary 

water resides in soil micropores and is retained against the force of gravity due to capillary or 

matric forces. Hygroscopic water describes water held at very high energy very near the soil 

surfaces. This water is held so tightly it cannot be removed even by evaporative forces or root 

suction. 

Soil water content is considered saturated when all the pore space is filled with water. 

Soil is in this state only during intense rainfall or flooding events. Most of the time, soil is 

unsaturated. The water remaining in the soil is retained by capillary forces in corners and 

crevices between soil grains or adsorbed as thin liquid films on soil surfaces (Or et al., 2007; 

Tecon and Or, 2017). Soil water potential is used to define the energy state of soil water. Total 

soil water potential is the sum of matric, osmotic, gravitational, and pressure potentials. In 

unsaturated soils, matric potential resulting from capillarity and adsorption is the primary 

component as most of the water in macropores has drained away due to gravity. Pore size and 

pore shape as well as surface properties determine soil water matric potential (Hillel, 2003).  
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Soil pore architecture can cause water hysteresis during wetting (sorption) and drying 

(desorption). Essentially, water hysteresis is a phenomenon at the same water matric potential the 

equilibrium water content is higher during drying than in wetting. There are two possible causes: 

the “ink bottle” effect and air entrapment (Ochsner, 2022). The ink bottle is an analogy of soil 

pores with a non-uniform radius. Capillary rise is an important phenomenon that can cause the 

ink bottle effect. Capillary rise is the process that a liquid can rise in a narrow space against the 

force of gravity due to the attractive forces between the liquid and surrounding solid surfaces. 

The capillary meniscus forms in this phenomenon. The height of the meniscus can be obtained 

from the equation below:  

ℎ =
2𝜎 cos 𝛼

𝜌𝑔𝑟
 

where σ is the surface tension of the fluid (N m-1), α is the contact angle of the liquid-gas 

interface on the wall of the tube, ρ is the fluid density (kg m-3), g is the acceleration due to 

gravity (m s-2), and r is the radius of the capillary (m). From the equation, the smaller the radius 

of the capillary (r), the greater the height of the capillary meniscus. If there are two types of 

capillary tubes inserted into water, one is a uniformly narrow tube, and another is non-uniform 

with narrow open and end but relatively large cavity in the middle. During wetting, capillary rise 

could only rise water to the bottom of the middle cavity. During drying, water can be retained in 

the cavity. Thus, the non-uniformity of soil pores can cause hysteresis during wetting and drying 

cycles. The second potential cause of water hysteresis is air entrapment. Air can be trapped in the 

interior soil pores when a drained soil is rewetted. This air cannot be removed easily. During 

rewetting, the maximum value of soil water content is lower than the true saturated water 

content. However, the impact of air-entrapment can be changed over time through soil chemical, 

physical, and biological processes. Such hysteresis results in heterogeneity of resource 
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distribution, which is connected to changes in soil resource availability for bacteria, particularly 

to changes in dissolved organic carbon and nitrogen species (Banerjee et al., 2016; Lal, 2006). 

 

1.3 Influence of soil pores on microbial motility, dispersion, and interaction in soil 

The soil pore system influences the soil microbial community through spatial isolation, 

water availability, nutrient availability, gas diffusion, chemical signal diffusion, changes in 

salinity, and protection from predators. The complexity of the soil pore network can cause 

periods of bacterial spatial isolation from neighboring cells and/or nutrients and resources. The 

spatial isolation limits bacterial dispersion and interaction with others. When two bacterial 

colonies are separated in unconnected pores or the physical pathways are too small for the 

passage of cells, these two colonies cannot contact and physically interact even though the 

distance separating them is very small. If the pores housing the separated colonies of cells are 

hydrologically connected, small soluble molecules can be exchanged offering indirect 

interactions. Once hydrologic connectivity is broken during drying only gaseous substances can 

be exchanged. A previous study estimated that 15%-50% of the soil porosity is physically 

inaccessible to bacterial cells due to the entrapment of cells in closed pores or pore throats 

smaller than 0.2 μm (Chenu and Stotzky, 2001).  

Bacteria in soils mainly rely on the liquid phase for motility. When soil is nearly 

saturated or very wet, the advection of water can transport bacteria for a long distance at rates 

that exceed 1 m day-1 (Wang et al., 2013). However, in unsaturated soils advective transport is 

not possible. Dry conditions strongly limit bacterial movement (Gargiulo et al., 2008; Or et al., 

2007). During drying, the remaining liquid in soils is typically adsorbed as thin water films on 

soil surfaces or retained by capillary forces in corners and crevices (Or et al., 2007). If the value 
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of soil matric potential is known, the thickness of aqueous films adsorbed by van der Waals 

surface forces on soil surface can be predicted. The thickness of the water film on the soil surface 

is predicted based on the equation below: 

𝑙(𝜇) = √
𝐴𝑠𝑣𝑙

6𝜋𝜌𝜇

3

 

where l is water film thickness, the unit is m, Asvl is the Hamaker constant (~ -6×10-20 J for water 

on silicate surfaces), ρ is water density (1,000 kg m-3), and μ is the matric water potential (Pa). 

The equation is assumed on most smooth mineral surfaces. The calculated thickness of water 

films ranges from 10 to 20 nm at relatively wet conditions near field capacity (matric potential of 

-5 to -30 kPa). However, for the natural soil, the water films are at least one order of magnitude 

thicker than the predicted values. It is reasonable to consider capillary condensation within the 

surface roughness elements and additional surface forces such as electrostatic interaction effects 

(Tuller and Or, 2005; Wang and Or, 2010). Even so, the water films are still too thin to support 

immersion of bacterial cells (~0.2 to 5 μm) or cell motion at low matric potential conditions. The 

following equation gives the maximum size of a spherical or cylindrical bacterial cell that would 

be fully immersed in liquid behind a curved liquid-gas meniscus: 

𝑅 = 𝑟(𝜇)
1 − sin 𝛼

1 + sin 𝛼
 

𝑟(𝜇) =
𝜎

|𝜇|
 

where R is the maximum radius, α is the angle between two surfaces forming a crevice or 

channels, σ is the liquid-gas surface tension (0.073 J m-2), and r(μ) is the radius of curvature of 

the liquid-gas meniscus which is determined via the Young-Laplace equation. For example, for 

α=30º and μ=-30 kPa (field capacity), the value of R is equal to 0.81 μm which is smaller than 
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average bacterial cell sizes. Therefore, unsaturated conditions restrict bacterial motion but 

promote bacterial attachment on soil surface. Soil pore water velocity also influences bacteria 

movement. For example, increased pore water velocity due to high rainfall intensity can increase 

bacterial release rates from soil and favor bacteria transport (Blaustein et al., 2016).  

Nutrients, gas diffusive fluxes, bacterial chemical signal, and salinity in highly 

heterogeneous soil pores constantly fluctuate under natural conditions. These patchy resource 

distributions in unsaturated soils play important roles in bacteria distribution, diversity and 

function (Young and Crawford, 2004). Soil bacteria could be divided into two groups based on 

their growth strategies (i.e., copiotrophs and oligotrophs) (Fierer et al., 2007). The nutrient 

gradients in soils might shape the distribution and activity of these two groups. In addition, large 

pores with high oxygen concentration are dominated by aerobic bacteria while small pores 

contain aerobic and anaerobic bacteria (Gupta and Germida, 2015). In soil pores, gas diffusion 

and supply of nutrients are strongly influenced by soil water content. As the fraction of water-

filled pores increases with wetting, an increase in diffusion of soluble nutrients and a reduction in 

gas diffusion occurs. Consequently, these two opposing processes determine aerobic bacterial 

activity (Moyano et al., 2013). Moreover, soil water content is related to the substrate availability 

for bacteria as the energy driving them to mine nutrients concentrated in the mineral-associated 

organic matter pool (Jilling et al., 2018; Keiluweit et al., 2015; Nottingham et al., 2015). Under 

wetter conditions, the persistence of mineral-associated organic matter is linked to it 

concentration, while the relationship is weaker or absent under drier conditions (Heckman et al., 

2023). Further, soil pore geometry and air-water interfaces can influence the diffusion, exchange 

and activity of bacterial chemical signals, such as small peptides and acyl-homoserine lactones 

(Papenfort and Bassler, 2016; Tecon and Or, 2017). Salinity varies spatially and temporally in 
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soils, and it affects bacteria via changes in the osmotic potential. Wetting and drying induce 

osmotic stress in bacteria. Hypoosmotic stress may lead to cell lysis and hyperosmotic stress also 

has influences on bacterial growth and activity. In addition to osmotic effects, high salt results in 

cation-specific inhibition of metabolic processes, the suppression of microbial attachment to 

surface via increased ionic strength, or inhibition of bacterial mobility (Or et al., 2007). Overall, 

high salinity in soils leads to cell death, lower metabolism, and lower cell mobility, thereby 

affecting the interactions between cells or between cell and viruses. 

Soil bacteria can be preyed upon by other bacteria, fungi, and protozoa. They can also be 

infected by bacteriophages (i.e., viruses that infect bacteria). The soil pore system has direct 

impact on bacterial social interactions. Species that coexistence within soil pore spaces could 

increase the potential for physical interactions while separation in different pores would 

minimize interactions. For example, the pore volume available for viruses, bacteria, and protozoa 

is different due to their different sizes. The pore volume available for protozoa (assumed size 

>10 μm) is just one third of the volume available for bacteria. For viruses, they can access all the 

pores available for bacteria (Kuzyakov and Mason-Jones, 2018). The soil pores provide a shelter 

for bacteria from the predation of protozoa although bacteria cannot escape viral infection from 

physical separation and must rely on other defense mechanisms. 

 

1.4 Tools to study microbial activity in soil 

There are several modern characterization techniques that allow for investigation of 2D 

and 3D microstructures of soil pores and for correlating the structure to microbial activity. The 

characterization techniques include ultra-small angle or small angle neutron and x-ray scattering 

(e.g., U/SANS and U/SAXS) focused ion beam tomography (FIB-T), electron tomography (ET), 
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atom probe tomography (APT), backscattered scanning electron microscopy (BSEM), X-ray 

computed tomography (XCT), mercury intrusion porosimetry (MIP), and physical gas adsorption 

(Cnudde and Boone, 2013; Giesche, 2006; Groen et al., 2003; Keller et al., 2011; Radlinski, 

2006; Zachara et al., 2016). The characteristics of pores from nanoscale to microscale, including 

pore volume, pore size distribution, pore connectivity, and pore geometry, could be obtained by 

these techniques. Further, combining isotope labeling with imaging techniques is a powerful tool 

for distinguishing microbes from the porous matrix with nanometer or micrometer resolution 

(Wilpiszeski et al., 2019). In addition to directly characterizing the microbes in soil pores using 

nanoscale techniques, artificial soil pore systems might also be used for the studies of microbes 

at relevant pore scales. Artificial soil pore systems can simulate measured pore properties of real 

soil. Using 3D printing technology and microfluidic approaches create defined pore systems to 

study microbial communities at different length scales (e.g., nano, micro) (Borer et al., 2018). 

Moreover, the mathematical modeling directly replicate soil structure and microbial activity (Wu 

et al., 2012). 

Compared with other techniques, U/SANS and U/SAXS are the only non-intrusive 

techniques allowing exploration of pore structure (Melnichenko, 2016). In addition, U/SANS and 

U/SAXS enjoy the advantage of measuring total porosity and pore morphology with detecting 

both closed and open pores over a wide range from 10Å to 25 μm (Anovitz and Cole, 2015). 

U/SANS and U/SAXS can also provide the textural properties (e.g., surface roughness or 

aggregation) by giving fractal information of the pore network (Liu et al., 2021). These two 

techniques are based on the same principle, which refers to the deflection of a beam of radiation 

(X-ray or neutron) from its original direction by interaction with the electrons (X-ray scattering) 

or nuclei (neutron scattering) (Glatter et al., 1982; Melnichenko, 2016). Neutrons and X-rays 
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have been widely used for the microscale and nanoscale structural characterization. Materials 

such as porous solids, bones, cements, rocks, and clays, have heterogeneous structure with length 

scales from nanometers to microns. The application of complementary neutron and X-ray 

scattering methods allow characterization of such multi-hierarchical structures all levels. The 

parameters include averaged particle sizes, shapes, distribution, and surface-to-volume ratio. 

Both neutrons and X-rays are sensitive to the detailed 3D structure, but these two probes also 

interact differently with materials. X-ray photons interact primarily with the electron cloud 

surrounding the atomic nucleus. X-rays are less sensitive to light atoms. They are suitable for 

high-resolution imaging which is useful for structural studies of single particles. Neutrons 

interact with the nuclei of the specimen. They are particularly sensitive to light atoms and have 

high penetration. Neutrons are suitable for studying the dynamics and structure of interacting 

assemblies of particles (e.g., Fe or Co nanoparticles) (Thomson et al., 2005). Therefore, the sum 

of the information obtained from these two advanced techniques would be greater than that 

obtained from either technique separately.  

The intensity, I, of the scattered neutrons or X-rays is measured as a function of the 

scattering vector, Q, which is related to the wavelength, λ, and scattering angle, θ, by 𝑄 =

(4𝜋 𝜆⁄ ) sin 𝜃. The function of the intensity, I(Q), and the scattering vector, Q, is determined by 

the geometry of the pore-matrix interface at various length scales (Figure 1.2). The scattering 

pattern can be related to pore size distribution if the shape of the pores is known or assumed. The 

relationship can be described as shown in the equation below: 

𝐼(𝑄) = 𝑁(∆𝜌∗)2 ∫ 𝑉2(𝑟)𝑓(𝑟)𝑃(𝑄, 𝑟)𝑑𝑟 + 𝐵𝑘𝑔 

where N is the number density of scatterers (e.g., pores), (∆𝜌∗)𝟐is the scattering contrast between 

the pore and solid matrix which equals the difference of scattering length density (SLD) between 
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the pore and solid matrix, V(r) is the pore volume, f(r) is the pore size distribution, and Bkg is the 

scattering background. P(Q, r) is the scattering form factor that describes scattering from a single 

pores and is dependent on both its shape and size. (Figure 1.3). Example shows in Figure 1.3. 

 

1.5 Rationale, approach, hypotheses, and research objectives 

As a porous “skin” of the Earth, soil has a complex architecture yielding a heterogeneous 

pore system. This porous system regulates water dynamics and drives microbial activities (e.g., 

dispersion, retention, mobility, and cell-to-cell interactions). However, agricultural management 

practices modify the soil porous system and then affect soil water dynamics and microbial 

activities. Therefore, the relationships among soil pore networks, water, and microbes are 

significant for optimizing agricultural management practices. Based on the literature review, no 

direct evidence showed how soil pore characteristics (e.g., size, shape, connectivity) control cell-

to-cell interactions and the distribution of bacteria and viruses. In addition, previous studies paid 

little attention to the soil pores, which couple hydrology and solution chemistry, in influencing 

the spatial distribution of bacteria and viruses. The use of small-angle scattering techniques could 

be a powerful approach to examining the distribution of microbes in the porous system under 

variable conditions.  

The overall goal of this project was to explore how soil pores influence soil water 

retention and bacterial interactions and quantify how spatial distribution of bacteria and viruses 

in fine scale soil aggregates. To achieve the goal, this research developed a mathematical model 

(Task 1), employing microcosm experiments (Task 2), and used small angle scattering 

techniques (Task 3) to implement three research tasks. Specifically, we proposed a fractional 

bulk density (FBD) concept, which was used to develop a mathematical model to estimate pore 
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water content under varying matric potential. Next, the FBD concept was used to explore 

bacterial cell-to-cell physical encounters and interactions in laboratory-scale sand microcosms 

with different pore size distributions. Additionally, the influence of soil surface properties on 

bacterial cell-to-cell interactions was evaluated using model cell bioreporters previously 

developed to estimate cell-cell interactions via conjugation; a horizontal gene transfer 

mechanism in bacteria that requires physical cell-cell contact. In these microcosm experiments, 

bacterial cells Psudomonas putida (P. putida) KT2440 as the recipient strain and P. putida 

KT2440::laclq-pLpp-mCherry-KmR as donor strain were used to observe the exchange of a 

conjugative plasmid as a proxy for physical cell-cell interactions (Klümper et al., 2015). The 

number of bacterial cells was enumerated by cultivation on solid selective media. Soil aggregates 

were used as porous matrices to evaluate water-microbe interactions in pores. Bacteriophage, 

MS2, and its host, E. coli C3000, were chosen as model bacteria and virus the experiments in 

Task 3. The bacteria/viruses were equilibrated in porous matrices (soil macroaggregates) under 

saturated conditions. After equilibrium, the samples were analyzed by SAS techniques. The 

USAXS, SANS, and USANS data were corrected and analyzed using a software package 

“IRENA” for analysis to obtain pore size distribution. 

 

The current research is based on the following hypotheses: 

Hypothesis 1: Soil water retention characteristic can be estimated by a modeling approach based 

on the impacts of soil pores on water conservation. 

Hypothesis 2: Soil pore systems have a directly influence on physical contact-based bacterial 

interactions, such as conjugation. The frequency of bacterial interactions is a function of pore 
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size distribution and bacterial adhesion on sand surfaces with larger pores and more adhesion 

lowering the frequency. 

Hypothesis 3: Bacteria prefer to stay in the pores closest to their sizes on micro-scale of soil 

pores. Viruses are ubiquitous on micro- and nano-scales but have highly abundant in locations of 

bacteria. 

 

The research objectives, based on the hypotheses, are as follows: 

Objective 1: To identify and estimate soil water retention characteristics for all soil textures and 

a wide range of soil bulk density using a modeling approach. 

Objective 2: To investigate if and how different sized pores and bacterial adhesion influence 

cell-to-cell interactions. 

Objective 3: To characterize the distribution of bacteria and viruses in differently sized pores of 

soil aggregates. 
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Appendix 

 

 
Figure 1.1 Conceptual diagram of DLVO theory (Trefalt and Borkovec, 2014). 
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Figure 1.2 Schematic of small angle scattering technique. 
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Figure 1.3 USANS and SANS profiles acquired from five samples of New Albany shales and 

data modeling (Bahadur et al., 2015). Panel (A) shows the I vs. Q and the straight line has a 

slope of -3 for comparison. Panel (B) shows pore size distribution calculated after model fitting. 

Panel (C) is specific surface area. 
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2.1 Abstract 

Soil water retention determines plant water availability and contaminant transport 

processes in the subsurface environment. However, it is usually difficult to measure soil water 

retention characteristics. In this study, an analytical model based on a fractional bulk density 

(FBD) concept was presented for estimating soil water retention curves. The concept allows 

partitioning of soil pore space according to the relative contribution of certain size fractions of 

particles to the change in total pore space. The input parameters of the model are particle size 

distribution (PSD), bulk density, and residual water content at water pressure head of 15,000 cm. 

The model was tested on 30 sets of water retention data obtained from various types of soils that 

cover wide ranges of soil texture from clay to sand and soil bulk density from 0.33 g/cm3 to 1.65 

g/cm3. Results showed that the FBD model was effective for all soil textures and bulk densities. 

The estimation was more sensitive to the changes in soil bulk density and residual water content 

than PSD parameters. The proposed model provides an easy way to evaluate the impacts of soil 

bulk density on water conservation in soils that are manipulated by mechanical operation. 
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2.2 Introduction 

Modeling of water flow and chemical movement in unsaturated soils has been 

emphasized by soil scientists and hydrologists for different purposes, such as estimating water 

root uptake, groundwater pollution risk, and soil erosion. However, high variability and 

complexity of soil texture in natural field make direct measurements of soil hydraulic properties 

costly and time-consuming. It is useful to utilize readily available information, such as soil 

texture and bulk density, to estimate soil hydraulic properties (Hwang and Powers, 2003; Jarvis 

et al., 2013; Wendroth et al., 2006). This approach can be highly beneficial to develop 

computationally efficient methods for evaluating soil hydraulic heterogeneity in large watersheds 

or agricultural fields while ensuring the economic feasibility of field investigation efforts within 

acceptable accuracy. Models with these benefits have been generally used to relate soil texture 

(expressed as particle size distribution), soil structural properties, bulk density, and/or organic 

matter content with soil water retention (Mamedov et al., 2016; Minasny and McBratney, 2018; 

Thiam et al., 2019; Tian et al., 2018). To date, many efforts have been made to estimate soil 

water retention using particle size distribution and other soil properties using multiple regression, 

neural network analyses and other methods (Babaeian et al., 2015; Garg et al., 2014; Haghverdi 

et al., 2012; McBratney et al., 2006; Nemes and Rawls, 2006; Patil and Singh, 2016; Zhuang et 

al., 2001). However, the applicability and accuracy of the models are more or less unsatisfactory. 

Although there are several prediction models derived on global soil hydraulic datasets, such as 

applying the Miller-Miller scaling approach to the soil dataset of SoilGrids1km to provide a 

global consistent soil hydraulic parameterization (Montzka et al., 2017), most of them possess a 

high correlation to particular soil types and thereby very likely fail to apply for other soils 

(Bullied et al., 2011; Lakzian et al., 2010; Terleev et al., 2010). 
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An important advancement in using soil particle size distribution to derive a soil water 

retention characteristic was the development of the physical empirical model (Arya et al., 1999; 

Arya and Paris, 1981). Later, Haverkamp and Parlange (1986) proposed a similar model by 

combining physical hypotheses with empirical representations and tested the model on sandy 

soil. Tyler and Wheatcraft (1989) interpreted the empirical scaling parameter α in the Arya and 

Paris model as being equivalent to the fractal dimension of a tortuous fractal pore. However, 

Arya et al. (1999) argued that the fractal scaling was limited in estimating the water retention in 

the complex soil matrix. In the optimized model of Arya et al. (1999), three methods for 

calculating the scaling parameter α were proposed, but the calculation still contained empirical 

component to some extent, making the model relatively difficult for broad application. The 

physical basis of the model of Arya and Paris (1981) or Arya et al. (1999) is weakened by the 

assumption that the void ratio of the bulk sample is equivalent to the void ratio of individual 

particle size class.  

To improve the physical description of particle-pore relation, we assume that different 

fractions of soil particles may make different contributions to the total porosity or volumetric 

water content in the bulk soils and that soil pore volume and associated bulk density are specific 

for particle size fractions. This line of thinking might help derive a better physical model for 

mathematically estimating soil water characteristics. Therefore, the objective of this work was to 

apply a fractional bulk density (FBD) concept to the development of a soil water retention model 

that is effective for all soil textures and all soil bulk densities.  
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2.3 Materials and methods 

2.3.1 Fractional bulk density concept  

The first assumption is that soil particles with different sizes contribute to different 

porosities and water holding capacities in bulk soil. Based on a non-similar media concept 

(NSMC) defined by Miyazaki (1996), soil bulk density, ρb, as  

ρ
b
=

M

V
=τρ

s
(

S

S+d
)

3

                                                      (1) 

where M is mass of a given soil, and V is the volume of bulk soil, ρs is soil particle density, and S 

and d are characteristic lengths for solid phase and pore space, respectively. The parameter τ is a 

shape factor of the solid phase, defined as the ratio of the substantial volume of solid phase to the 

volume S3. The value of τ is 1.0 for a cube and π/6 for a sphere. As pointed out by Miyazaki 

(1996), these characteristic lengths are not directly measurable but are representative lengths in 

the sense of the characteristic length in a similar media concept (SMC).  

Following the approach of NSMC represented by Eq. (1), we conceptually defined the 

following equation 

V = 
∑ mi

n
i=1

ρb

= 
m1

ρb1

+
m2

ρb2

+⋯
mn

ρbn

                                                    (2) 

where mi and ρbi are solid mass and equivalent bulk density of the ith particle size fraction of soil 

sample, respectively. In this study, diameters of the first particle fraction and the last one are 

assumed to be 1 m and 1,000 m, respectively (Zhuang et al., 2001). This equation suggests 

that different particle size fractions are associated with different equivalent bulk densities due to 

their different contributions to soil pore space. As a result, the particles with the same size 

fraction could have different equivalent bulk densities in soils with different textures or after the 

soil particles are rearranged (e.g., compaction). A diagrammatic representation of the FBD 

concept for variation of soil pore space with soil particle assemblage is shown in Figure 2.1.  
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2.3.2 Calculation of soil volumetric water content 

For a specific soil, Eq. (2) means 

Vpi(≤Di)=f(Dgi, Mi)                                                 (3) 

where Vpi (≤Di) denotes the volume of the pores with diameter ≤Di generated by particles with 

diameters ≤Dgi in unit volume soil. Mi is the accumulative mass percentage of the ≤Dgi particles. 

Since the pore volume has the maximum value for given bulk soil and the accumulative 

distribution of pore volume could be generally hypothesized as a sigmoid curve for most of the 

natural soils (Buchan, 1989; Kosugi, 1994), we formulate Eq. (3) using a lognormal Logistic 

equation,  

Vpi(≤Dgi)=
Vpmax

1+κ(Dgi)
bi

                                              (4) 

where Vpmax is the maximum accumulative volume of pores pertinent to the particles smaller than 

or equal to the maximum diameter (Dgmax) in unit volume soil. In fact, here Vpmax is equal to the 

total porosity (φT) of the soil. Vpi (≤Dgi) is the volume of the pores produced by ≤Dgi particles in 

unit volume soil. The parameter bi is a varying characteristic for the relative increment rate of the 

accumulative volume of pores with an increment of Dgi. By assuming the degree of saturation of 

pore space to be 100%, Eq. (4) changes into 

i(≤Dgi)=
s

1+κ(Dgi)
bi
                                                 (5) 

where θs is saturated volumetric water content calculated with 

s = {
0.9φ

T
, ρ

b
< 1

φ
T
, ρ

b
≥ 1

                                                       (6) 

φ
T
=

ρs-ρb

ρs

                                                                (7) 
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In the above equations, ρb is measured bulk density and ρs is particle density (2.65 g/cm3). 

The empirical parameter κ in Eqs. (4) and (5) is defined as 

κ=
s-r

r
                                                             (8) 

where θr is measured residual water content. In this study, it is assumed to be volumetric water 

content at a pressure head of 15,000 cm water. The empirical parameter bi is defined as  

bi=
ε

3
log (

θs-ωiθs

κωiθs
)                                                 (9) 

with ε, a particle size distribution index, calculated by  

ε=
(D40)2

D10D60
                                                           (10) 

where D10, D40, and D60 represent the particle diameters just below which the cumulative mass 

fractions of the particles are 10%, 40%, and 60%, respectively. 

The parameter ωi is coefficient for particles of the ith size fraction, with a value varying 

between θr/θs and 1.0. Incorporating information of soil physical properties, the equation for 

estimating ωi is given as 

ωi=
g

1+κ(ln Dgi)
                                                    (11) 

where g is defined as regulation coefficient varying in the range of 1.0-1.2, but in the present 

study it is consistently assumed as 1.2. λ is the ratio coefficient of particle size distribution fitted 

by the lognormal Logistic model as  

Mi=
MT

1+Dgi
                                                       (12) 

where MT represents the total mass percentage of all particles with different sizes and  is fitting 

parameter. We set MT = 101 in the equation for the best fitting of the particle-size distribution. 

The continuous function of particle size distribution was generated from the discrete data of Dgi 

and Mi at cutting particle diameters of 1000, 750, 500, 400, 350, 300, 250, 200, 150, 100, 50, 30, 
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15, 7.5, 5, 3, 2, and 1 m. Considering the difference in the upper limits of particle sizes 

associated with existing datasets of Dgi and Mi, the particle size distribution with the upper limit 

of 2,000 m for the soils from Japan was normalized to the case with the upper limit of 1,000 

m (Eq. 24). 

 

2.3.3 Calculation of pressure head of soil water 

For the capillary tube diameter, Di (m), composed of particles with the size of Dgi (m), 

Arya and Paris (1981) developed an expression 

Di=Dgi [
2

3
eni

(1-α)]
0.5

                                                  (13) 

where α is the empirical scaling parameter varying between 1.35 and 1.40 in their(1981) original 

model, but was thought to vary with soil particle size in the optimized model of Arya et al. 

(1999). In Tyler and Wheatcraft's (1989) model α is the fractal dimension of the pore. The 

parameter e is the void rate of the entire soil, assumed being unchanged with particle size. 

However, according to Eqs. (2) and (3), e in the Eq. (13) should vary with particle size and 

should be replaced by specific particle size ei. ni is the number of particles in the ith particle class 

with a particle diameter, Dgi (μm), assuming that the particles are spherical and that the entire 

pore volume formed by assemblage of the particles in this class is represented by a single 

cylindrical pore. The equation for calculating ni is given as (Arya and Paris, 1981) 

𝑛𝑖 =
6𝑚𝑖

𝜌𝑠𝜋𝐷𝑔𝑖
3 × 1012                                             (14) 

where mi is the mass of particles in the ith fraction with the particle diameter, Dgi. Here, we set Di 

= Dmin and Dgi = Dgmin. Assuming that soil water has a zero contact angle and a surface tension of 

0.075 N/m at 25oC, the minimum diameter of soil pore (Dmin) is taken to be 0.2 m, which is 
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equivalent to the pressure head of 15,000 cm water according to Young-Laplace equation. We 

set this minimum pore size to correspond the minimum particle size (Dgmin=1.0 m). The model 

might thus not apply well to porous media with pores smaller than 0.2 m. As a result, Eq. (13) 

is simplified into the following equation. 

 Di=0.2Dgi                                                           (15) 

The equivalent capillary pressure (ψi) for the ith particle size fraction can be calculated 

using  


i
=

3000

Di
=

15000

Dgi
                                                       (16) 

where Di is the pore diameter in m, ψi is the water pressure in cm water, and Dgi is particle 

diameter in m. In Eq. (16), the maximum pressure head (r=15,000 cm) corresponds to θr and 

Dgmin (1 m). The minimum pressure head (0=15 cm) corresponds to θs and Dgmax (1,000 m). 

These assumptions are arbitrary, or may be inappropriate for some soils, but we used them 

because they approximate the practical range of measurements well. 

 

2.3.4 The resulting model of soil water retention 

Eqs. (5) and (16) formulate a FBD-based model for estimation of soil water retention 

curve. To simplify the computation, the two equations are incorporated into an analytical form, 

θ=
θs

1+(
θs-θr

θr
)(

15,000

ψ
)
b                                                        (17) 

where the parameter b can be obtained using 

b=
ε

3
log {

(θs-θr)[ ln (
15,000.1

ψ
)]

λ
-(g-1)θr

g(θs-θr)
}                                      (18) 
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In Eq. (18), a value of 15,000.1 cm water was employed to consecutively predict the soil 

water content until pressure head of 15,000 cm water.  

 

2.3.5 Soil dataset 

Evaluation of the applicability of the proposed modeling procedure requires datasets that 

include soil bulk density, residual water content, and soil particle size distribution covering three 

particle diameters (D10, D40, and D60) below which the cumulative mass fractions of particles are 

10%, 40%, and 60%, respectively. In addition, measured water content and pressure head are 

required for the actual retention curve in order to compare with the result of the FBD-based 

model. In this study, the soil water retention data measured for 30 different soils, published by 

Yu et al. (1994), Chen and Wang (1979), Zhang and Miao (1985), Liu and Amemiya (1999), 

Hayano et al. (1997), and Yabashi et al. (1994) were collected for model verification (Table 2.1). 

The soils include soils in China (such as black soil, chernozem soil, cinnamon soil, brown earth, 

fluvo-aquic soil, albic soil, red earth, humid-thermo ferralitic, purplish soil, meadow soil, and 

yellow earth) and soils in Japan (such as volcanic ash soil and acolian sandy soil). The USDA 

soil taxonomy of these soils is provided in Table 2.1. The 30 soils range in texture from clay to 

sand and in bulk density from 0.33 g/cm3 to 1.65 g/cm3, which covers a much wider range of soil 

bulk density than any existing models or pedotransfer functions (da Silva et al., 2017; Fredlund 

et al., 2002; Saxton and Rawls, 2006; Vereecken et al., 1989). Particle size fractions (Dgi) were 

chosen as the upper limit of the diameters between successive sieve sizes. For the data set in 

which particle density was not determined, 2.65 g/cm3 was used.  
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2.3.6 Statistical parameters for model verification 

Four statistical properties, R2, RMSE, mean residual error (ME), and t value were 

calculated to determine the accuracy of the FBD model. The R2 values were computed at the 

same value of ψ, with the values of θ measured and estimated by the FBD model (Eq. 17). RMSE 

and ME were obtained, respectively, by 

RMSE=[
1

n
∑(θest-θmea)

2
]
0.5

                                          (19) 

ME=
1

n
∑

i=1

n
(θest-θmea)                                               (20) 

where θmea is measured soil water content, θest is soil water content estimated with the FBD 

model, and n is the number of measured pairs of water content and pressure head. With the 

assumption of normal distribution and independence of differences between the water contents 

measured and estimated by the FBD model, t was calculated with 

t=ME(
RMSE2-ME2

n-1
)
-0.5

                                            (21)  

When calculated |t| is larger than t0.05 (the critical value of the Student’s t distribution for 

P = 0.05 and n-1 degrees of freedom), the differences between the measured and estimated water 

contents are statistically significant. If t < 0, soil water contents are underestimated and vice 

versa. Thus, t is a measure for the systematic bias in the estimation. Values of t close to zero 

indicate that the measured and estimated soil water content do not differ systematically from 

each other or, equivalently, that there is no consistent bias. Values of t that differ greatly from 

zero indicate the presence of systematic bias. RMSE is a measure for the scatter of the data points 

around the 1:1 line. Low RMSE values indicate less scatter. Low RMSE values also imply low 

ME. Regarding the result that t is low while RMSE is high, it can be explained that negative and 

positive deviations distribute more evenly on two sides of the 1:1 line. 
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2.4 Results 

2.4.1 Estimation accuracy  

Model estimation of water retention characteristics for some soils is presented in Figure 

2.2. The results indicate that the new procedure was in good agreement with the measured data 

for most of the soil textures except for sand in the range of pressure head from 15 cm water up to 

15,000 cm water, which covers the entire range of available water content. Table 2.2 shows the 

coefficient of determination (R2), root mean square error (RMSE), and t value of Student’s t 

distribution of the FBD model along with those of curve fitting using the Campbell (1974) 

equation, which was extended from the similar media concept (Miller and Miller, 1956). The 

equation is expressed as 

θ=(
ψe

ψ
)

1

qθs                                                           (22) 

where ψe is air entry water potential and θs is saturated volumetric water content. Parameter q 

can be obtained according to 

q=[∑Mi( ln Dgi )
2
-(∑Mi ln Dgi )

2
]
0.5

                               (23) 

where Dgi is the diameter of the ith particle-size fractions and Mi is the accumulative mass 

percentage of the ≤Dgi particles. 

RMSE values were computed from soil water contents measured and estimated as 

described in the section of methods. The results in Table 2.2 show that the mean value of RMSE 

of the FBD model is 0.0315 cm3/cm3 while that of the Campbell model is 0.0235 cm3/cm3. This 

result is acceptable because the Campbell model used the measured data directly to obtain e. 

The higher values of R2 also support the applicability of the FBD model. Compared to the value 

of t for the results of Campbell fitting, there was no systemic bias for the FBD model, and that 

the FBD model only a little but insignificantly overestimated the soil water contents. In addition, 
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Figure 2.3 shows a comparison between the water contents measured and estimated by the FBD 

model for the 30 soils. The values coalesce to the 1:1 line with the RMSE being 0.0408 cm3/cm3. 

This RMSE value is larger than the average in Table 2.2. The discrepancy was due that different 

methods were used for averaging the RMSE values for individual soils and all soils. Mayr and 

Jarvis (1999) presented pedotransfer functions to estimate soil water retention parameters of the 

Brooks-Corey model. The resulting mean RMSE value in the dependent dataset was 0.0430 

cm3/cm3 for the dependent dataset and 0.0480 cm3/cm3 for the independent dataset. Tomasella et 

al. (2000) derived a pedotransfer function to predict the water retention parameters of the van 

Genuchten equation. The mean RMSE values ranged from 0.0378 cm3/cm3 to 0.0584 cm3/cm3. 

Our model compares favorably with these pedotransfer functions in terms of mean RMSE value. 

It could thus be concluded that the FBD model behaved overall well, except for Acolian sandy 

soil (soil sample #01). For sandy soil, the relatively poor capture of the rapid change of water 

content is attributed to the limitation of applicability of capillary law (i.e., Young-Laplace 

equation) to sandy media and existence of macropores that reduce the pore continuity (Zhuang et 

al., 2001). The continuity of soil pores is the dominant factor that affects the performance of our 

proposed model.  

The FBD model had relatively larger estimation errors for soils originated from ash 

parent materials (e.g., soil samples #05, 14, 16, and 22) than for other soils (Table 2.2). This is 

due likely to the oversimplification that accumulative soil particle size distribution is sigmoid 

whereas in fact the particle arrangement of soils developed from ash parent materials is very 

complex (i.e., non-sigmoid). The less accurate prediction for sandy soils relative to the other soil 

textures suggests that the assumption for cumulative particle size distribution to be single 

sigmoid is arbitrary, despite many soils demonstrate a typical sigmoid for their particle systems. 
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We infer that the sigmoid-type distribution is more applicable to the soils with a broader range of 

particle sizes that show a lognormal distribution of individual particle fractions (Hwang and 

Choi, 2006; Nimmo, 1997). Soil aggregates with hierarchical pore structure have dual-porosity 

system. Dual-porosity assumes that the porous medium consists of two interacting regions, one 

associated with the macropore or fracture system and one comprising micropores inside soil 

material. Bimodal pore-size distributions are frequently observed in dual-porosity soil (Li and 

Zhang, 2009). The water retention curve estimated for a wide range of water potentials (-15 to -

15,000 cm water) is the sum of the effects of macropores and micropores (Šimůnek et al., 2003). 

The sigmoid-type distribution is more suitable for hierarchical soil aggregates than for less 

structured soils whose pore system is simply dominated by primary particles. Therefore, the 

proposed model does not perform well against the soils if their particle sizes have a narrow range 

(e.g., sandy soils). 

 

2.4.2 Sensitivity analysis of model parameters 

We performed a sensitivity analysis on the model parameters to identify those that most 

strongly affect the model behavior and to determine the required precision of the parameters. The 

parameters included in the sensitivity test were saturated water content (θs), residual water 

content (θr), rate coefficient (λ) of Logistic-type model for particle size distribution, and particle 

size distribution index (ε). The value of each parameter is assumed to increase or decrease by 

20% of its actual value since its measurement error could be up to 20% according to our 

experience on field soil survey. By taking soil sample #22 as an example, the test was 

implemented to monitor the change in the estimated soil water content caused by changing the 

value of one parameter at a time while others remained constant. The sensitivity analysis not 
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only showed the influencing patterns of the parameters on the model behavior but also ranked 

the parameters in terms of the magnitude of influences. As shown in Figure 2.4, two parameters 

displaying high sensitivity are the θs and θr. They generally had the same ability to influence the 

model prediction. For λ and ε, although both were found not dominant in defining the model 

performance, accurate estimation for their values are still very important for the modeling 

results. The sensitivity analyses provided insights into the behavior of the FBD model expressed 

as Eq. (17). The analysis presented here underlies the notion that parameter values may have 

physical meanings no matter in whatever ways the related parameters are structured into a 

model.  

 

2.5 Discussion 

Particle size distribution forms a common descriptor of natural soils. It has been used 

routinely as one of the inputs to estimate some soil physical properties, for example, water 

retention characteristic (Jensen et al., 2015; Leung et al., 2015; Yang et al., 2014), bulk density 

(Keller and Håkansson, 2010), and hydraulic conductivity(Bardhan et al., 2016; Kroener et al., 

2018; Salarashayeri and Siosemarde, 2012). In this study, two parameters, rate coefficient (λ in 

Eq. 12) of the Logistic-type model for particle size distribution and particle size distribution 

index (ε in Eq. 10), were employed to translate particle size distribution to soil water retention 

characteristic. However, some issues should be noted for the simulation. One is the estimation of 

λ in the case that the upper size limit of the particle size distribution is 1,000 m for some soils 

while it is 2,000 m for other soils. In order to perform a consistent comparison among all soils, 

the particle size distribution with the upper limit of 2,000 m was normalized to that with the 

upper limit of 1,000 m using a normalization formula,  
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M'i=
100Mi

M1,000
                                                         (24) 

where Mi and Mi’ are measured and normalized percentage content of particles with sizes smaller 

than or equal to the ith particle size, respectively. M1,000 denotes the percentage content of 

particles with a size smaller than or equal to 1,000 m.  

In addition, the calculation of ε involves three particle sizes (D10, D40, and D60) below 

which the percentage contents of particles are 10%, 40%, and 60%, respectively. It is easy to 

identify D60 but relatively difficult to find D10 and D40. Many soils whose content of particles 

with sizes smaller than or equal to the measured lower limit size (e.g., 1 m or 2 m) is larger 

than 10%. In this case, an exponential equation, which was obtained by fitting the relation 

between the cumulative percentage content and the corresponding particle sizes, was used to 

extrapolate and identify D10. To minimize the deviations arising from the extrapolation, we used 

50 m as the upper size limit. 

The proposed model is generally based on the assumption that the size of the particles 

and the density of their packing are the primary determinants of the pore size and pore volume. 

This, however, may not be the case under some conditions. There is no doubt that particle 

assembling and resulting pore characteristics play important roles in regulating physical, 

chemical, and biological functions of soils at various scales. Aggregation of primary particles 

into secondary and tertiary particles, root channels, and microcracks would account for a fraction 

of the pore volume with pore sizes not determined by the size distribution of primary particles. 

The abundance of such pores considerably determines the extent of deviation of prediction. 

Therefore, it is important to incorporate information of soil structure into soil hydraulic modeling 

if possible (Schwartz, 2016). There is no doubt that soil structure is a non-negligible factor for 

accurate estimation of soil hydraulic properties using pedotransfer functions (Pachepsky et al., 
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2006; Pachepsky and Rawls, 2003). But this work seems difficult to initiate because soil 

structure information (e.g., soil aggregate size distribution) is mostly unavailable compared to 

soil basic properties (e.g., particle size distribution, organic matter content, and bulk density). 

Insufficiency of identification of soil structure indices still precludes the inclusion of soil 

structure characteristics into soil water retention modeling. Relevant efforts have been made in 

some large-scale models that consider soil structure. For instance, Fatichi et al. (2020) proposed 

to assess the impact of soil structure on global climate using an Ocean-Land-Atmosphere Model 

(OLAM). Although the model in this study does not explicitly include a structural component, 

we alternatively assume that soil bulk density could indirectly bring the influence of soil 

structure into the FBD model because soil bulk density is determined by actual soil structure.  

The FBD model estimates soil water retention characteristics from particle size 

distribution, bulk density, and measured residual water content. The starting point is the 

similarity between the shapes of cumulative particle size distribution and soil water retention 

characteristics. Similarly, Arya and Paris (1981) and Haverkamp and Parlange (1986) used a 

simple equation to derive a set of soil water content according to the mass fraction of soil 

particles, and then a series of expressions were employed to regulate pressure head of soil water 

to pair with the water content equal to the measured. In our model, an opposite approach was 

used. A set of pressure head from 15 cm to 15,000 cm water were derived using a simple 

expression as Eq. (16), and then soil water contents were estimated with FBD-based equations to 

match the derived pressure head. Eventually, an analytical model, Eq. (17), was obtained. In the 

FBD-based model, the water retention function includes a residual water content in relation to 

the maximum pressure head (15,000 cm water) and the parameter (b) of soil pore size 

distribution. Similarly, the residual water content is considered in the models developed by van 



 61 

Genuchten (1980) or Brooks and Corey (1964). However, Campbell (1974) described soil water 

retention curve by assuming there is no residual water content. An advantage of the Campbell 

equation is its excellent fitting capability, and thus we compared the FBD-based model to the 

Campbell model for evaluation on the estimation accuracy of the FBD model. 

The selection of a Logistic-type equation for the model formulation is mainly due to the 

consideration that particle size distribution and pore size distribution in most soils are 

approximately lognormal (Bayat et al., 2015; Buchan, 1989; Hwang and Choi, 2006; Kosugi, 

1994). The logistic growth equation generates a curve that tends towards an exponential form at 

low values and power form at high values with a power index smaller than 1. This characteristic 

implicitly includes the consideration that the drainage of water in small pores at large suction is 

usually expected to be more impaired than the release of water from large pores at small suctions 

(Ghanbarian-Alavijeh et al., 2011; Perfect, 2005).  

 

2.6 Conclusions 

An analytical model, which is based on a fractional bulk density concept, was presented 

for estimating soil water retention for the entire range of pressure heads that determine water 

availability. The proposed model was tested using 30 sets of soil water retention data measured 

for various textures of soils that cover a wide range of soil bulk density from 0.33 g/cm3 to 1.65 

g/cm3. Results show that the proposed model can convert readily available soil physical 

properties into soil retention curves in very good agreement with the measurements, and the 

model is applicable to soils with limited data on soil particle size distribution at small loss of 

estimation accuracy in the middle portion of the soil water retention curve. Sensitivity analyses 

revealed that saturated and residual water contents were two parameters with high-sensitivity for 
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the accurate estimation of retention curves. The agreement with measurements supported the 

new model’s underlying concepts. The model used a conceptual partitioning of pore space 

according to the relative contribution of certain sizes of particles to the change in pore space. 

This thinking underlies the assumption that the value of the key parameter (bi) varies with 

particle size fraction for a given soil. In addition, the model assumed a sigmoid curve of water 

retention characteristic for most soils. However, these assumptions are worth further 

consideration on their relations to the physical reality of soils as well as possible improvements 

and extensions. Compared to subsurface soils, larger deviations should be expected mainly for 

surface soil materials where aggregation, cracking, and root effects may be pronounced. Further 

tests of the model and evaluation on the effects of hysteresis, aggregation, and expansibility 

should reveal the weaknesses of the model and identify additional variables needed for model 

improvement.  
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Appendix 

Table 2.1 Physical properties of soils used in the study. ρb is bulk density (g/cm3); θr is residual 

water content (cm3/cm3) at 15,000 cm water pressure head;  is particle size distribution index. 

Soil water retention data of fluvo-aquic soil, red earth, humid-thermo ferralitic, purplish soil, 

meadow soil and yellow earth were measured with pressure membrane apparatus (Chen and Wang, 

1979; Zhang and Miao, 1985). The soil water retention data of black soil, chernozem soil, 

cinnamon soil, brown earth, and albic soil were obtained using the suction and pressure plate 

method (Yu et al., 1994). The soil water retention data of volcanic ash soil and Acolian sandy soil 

were measured using the suction and pressure plate method (Hayano et al., 1997; Liu and Amemiya, 

1999; Yabashi et al., 1994).  
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No. 

 

Soil 

USDA soil 

taxonomy 

 

Texture 

Particle 

percentage  

ρb
 

 

θr  Source 
<2 

μm 

<20 

μm 

01 Acolian sandy soil Entisols Sand 0.11 0.53 1.65 0.024 1.37 (Liu and Amemiya, 

1999) 

02 Meadow soil Inceptisols Sandy 

loam 

6.04 35.20 1.38 0.039 1.38 (Chen and Wang, 

1979) 

03 Fluvo-aquic soil Inceptisols Sandy 

loam 

9.51 38.01 1.33 0.055 1.82 (Zhang and Miao, 

1985) 

04 Fluvo-aquic soil Inceptisols Sandy 

loam 

10.20 33.20 1.27 0.051 1.87 (Zhang and Miao, 

1985) 

05 Volcanic ash soil Andisols Sandy 

loam 

10.22 35.00 0.33 0.199 3.09 (Yabashi et al., 

1994) 

06 Fluvo-aquic soil Inceptisols Sandy 

loam 

13.55 45.60 1.27 0.062 1.75 (Zhang and Miao, 

1985) 

07 Fluvo-aquic soil Inceptisols Loam 10.76 42.40 1.32 0.088 1.65 (Zhang and Miao, 

1985) 

08 Meadow soil Inceptisols Loam 13.27 44.37 1.28 0.054 1.74 (Chen and Wang, 

1979) 

09 Fluvo-aquic soil Inceptisols Loam 13.40 47.88 1.32 0.059 2.48 (Zhang and Miao, 

1985) 

10 Purplish soil Inceptisols Loam 16.32 48.04 1.30 0.092 1.58 (Chen and Wang, 

1979) 

11 Yellow earth Inceptisols Silt clay 

loam 

27.35 73.87 1.29 0.108 1.61  (Chen and Wang, 

1979) 

12 Meadow soil Inceptisols Clay loam 22.09 47.32 1.29 0.082 1.95 (Chen and Wang, 

1979) 

13 Fluvo-aquic soil Inceptisols Clay loam 28.86 58.39 1.28 0.159 2.21 (Zhang and Miao, 

1985) 

14 Volcanic ash soil Andisols Clay loam 28.01 65.00 0.80 0.370 1.73 (Liu and Amemiya, 

1999) 

15 Chernozem soil Mollisols Sandy clay 30.14 48.56 1.24 0.148 4.57 (Yu et al., 1994) 

16 Volcanis ash soil Andisols Sandy clay 34.56 45.60 0.70 0.263 1.57 (Hayano et al., 1997) 

17 Fluvo-aquic soil Inceptisols Sandy clay 36.22 76.05 1.29 0.185 2.15 (Zhang and Miao, 

1985) 

18 Brown earth Alfisols Sandy clay 36.77 54.36 1.29 0.142 3.85 (Yu et al., 1994) 

19 Fluvo-aquic soil Inceptisols Sandy clay 40.02 73.30 1.28 0.195 2.31 (Zhang and Miao, 

1985) 

20 Cinnamon soil Alfisols Sandy clay 40.12 59.37 1.19 0.138 3.74 (Yu et al., 1994) 

21 Black soil Mollisols Sandy clay 42.18 59.34 1.15 0.186 3.44 (Yu et al., 1994) 

22 Volcanis ash soil Andisols Sandy clay 45.37 63.28 0.82 0.385 3.14 (Liu and Amemiya, 

1999) 

23 Fluvo-aquic soil Inceptisols Silty clay 34.20 73.98 1.31 0.148 2.10 (Zhang and Miao, 

1985) 

24 Fluvo-aquic soil Inceptisols Silty clay 33.31 78.73 1.30 0.161 2.12 (Zhang and Miao, 

1985) 

25 Fluvo-aquic soil Inceptisols Silty clay 33.56 79.44 1.35 0.169 2.17 (Zhang and Miao, 

1985) 

26 Albic soil Spodosols Clay 52.76 77.60 1.16 0.230 1.66 (Yu et al., 1994) 

27 Fluvo-aquic soil Inceptisols Clay 56.05 89.82 1.25 0.283 2.76 (Zhang and Miao, 

1985) 

28 Red earth Ultisols Clay 58.88 79.26 1.22 0.195 1.03 (Chen and Wang, 

1979) 

29 Humid-thermo 

ferralitic 

Latosols Clay 72.57 85.60 1.15 0.225 1.05 (Chen and Wang, 

1979) 

30 Fluvo-aquic soil Inceptisols Clay 68.81 98.02 1.08 0.303 2.04 (Zhang and Miao, 

1985) 

  



 71 

Table 2.2 Statistical comparison of soil water contents estimated by the  fractional bulk density 

(FBD) model and fitted by the Campbell model (1974). t is the value of Student’s t distribution, 

and the critical values of t0.05 for 04, 08, 09, 10, 15, 18 and 30 degrees of freedom are 2.776, 2.306, 

2.262, 2.228, 2.131, 2.101 and 2.042, respectively; R2 is determination coefficient; RMSE is root 

mean square errors (cm3/cm3); n is the number of measured pairs of water content and pressure 

head. 

Soil No. 

t R2 RMSE 

n FBD 

model 

Campbell 

model 

FBD 

model 

Campbell 

model 

FBD 

model 

Campbell 

model 

01 1.600 -0.508 0.662 0.507 0.097 0.117 16 

02 -1.316 -0.288 0.939 0.888 0.039 0.040 9 

03 -1.924 -0.213 0.982 0.958 0.011 0.014 5 

04 -0.123 -0.308 0.968 0.932 0.012 0.015 5 

05 -0.191 0.115 0.962 0.900 0.059 0.060 10 

06 -1.374 -0.331 0.951 0.922 0.068 0.039 5 

07 -1.948 -0.123 0.908 0.922 0.027 0.018 5 

08 -2.411 0.125 0.985 0.942 0.020 0.031 9 

09 0.532 -0.270 0.954 0.923 0.017 0.024 5 

10 1.345 0.179 0.980 0.998 0.042 0.003 9 

11 0.144 0.164 0.977 0.995 0.028 0.007 9 

12 0.266 0.070 0.995 0.964 0.020 0.020 9 

13 10.840 -0.819 0.938 0.899 0.029 0.010 6 

14 3.572 3.885 0.951 0.956 0.023 0.024 28 

15 -0.883 -0.128 0.932 0.980 0.028 0.013 10 

16 -0.209 -0.163 0.876 0.877 0.062 0.057 16 

17 -0.794 -0.056 0.908 0.958 0.027 0.014 5 

18 -0.441 -0.227 0.957 0.967 0.019 0.014 10 

19 -0.256 -0.065 0.891 0.936 0.027 0.017 5 

20 1.153 -0.253 0.892 0.920 0.032 0.023 10 

21 1.932 -0.156 0.908 0.928 0.030 0.020 10 

22 -5.494 -0.218 0.945 0.881 0.035 0.024 20 

23 -3.341 -0.067 0.922 0.966 0.056 0.015 5 

24 -1.421 -0.061 0.939 0.971 0.023 0.012 5 

25 -1.558 -0.077 0.938 0.970 0.023 0.013 5 

26 1.707 -0.075 0.953 0.969 0.022 0.010 10 

27 -0.108 -0.052 0.916 0.963 0.020 0.013 5 

28 -0.346 -0.113 0.958 0.956 0.014 0.014 9 

29 -0.026 0.016 0.968  0.969 0.014 0.012 9 

30 -1.823 -0.032 0.952  0.965 0.021 0.013 5 

Mean 0.375 -0.009 0.934 0.931 0.032 0.024  
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Figure 2.1 Diagrammatic representation of the fractional bulk density (FBD) model. V refers to 

the volume of bulk soil, and mi, and ρbi refer to the solid mass, and equivalent bulk density of the 

ith particle-size fractions, respectively. ρb is the bulk density of whole soil.  
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Figure 2.2 Water retention characteristics measured (circle) and estimated (line) using the 

fractional bulk density (FBD) model for eight different soil textures.  
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Figure 2.3 Comparison of volumetric water contents measured and estimated using the fractional 

bulk density (FBD) model for 30 soils with ranges of soil texture from clay to sand and bulk 

density from 0.33 to 1.65 g/cm3. The circle represents measured values, and line denotes a 1:1 

line.  
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Figure 2.4 A sensitivity analysis on the parameters of the fractional bulk density (FBD) model as 

Eq. (17). θs, θr, ε, and λ refer to volumetric saturated water content, volumetric residual water 

content at a pressure head of 15,000 cm water, particle size distribution index, and rate 

coefficient in Eq. (12) for particle size distribution, respectively. 
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Chapter 3. Adhesion on Soil Surfaces Inhibits 

Bacterial Cell-to-Cell Interaction 
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Publication Note 

The following chapter is in the review for potential publication. 

 

My contribution to this work was experimental design, sample processing, enumeration of 

bacteria, statistical analysis, and drafting the manuscript. 
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3.1 Abstract 

Bacterial cell-to-cell interactions sustain key processes of soil ecology and health. As 

habitats of bacteria, the complex pore network and surface properties of soil control spatial 

distribution, adhesion, and motility of bacteria, influencing bacterial cell-to-cell interactions, 

such as physical contact-based conjugation. However, our understanding of the controlling 

environmental factors on the interactions is still limited. In this research, we evaluated the effects 

of soil surface properties and pore size distribution on bacterial interactions. The conjugation-

based bacterial interaction was measured by plasmid transfer between donor and recipient cells 

within populations of the soil bacterium Pseudomonas putida. Using porous sand media that 

have different surface properties (i.e., surface charge, roughness) and textures from coarse to 

fine, we observed that the presence of sand increased conjugation frequency compared to sand-

free controls, and the frequencies were positively correlated to the pore sizes of sand media. The 

frequencies were also a function of bacterial adhesion on sand surfaces. The adhesion reduced 

bacterial conjugation frequency. Collision of bacteria in pore spaces promoted their interactions, 

while limited motility of bacteria trapped in smaller pores or adhered to sand surfaces reduced 

the interactions. The study identifies key physical factors that control the interaction and 

distribution of bacteria in soil pores and provides insight into the role of soil pore systems in 

biologically mediated processes (e.g., horizontal gene transfer) and soil health. 
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3.2 Introduction 

Soil bacteria share their habitat with a vast diversity of bacterial neighbors, resulting in 

bacterial interactions. The interactions include horizontal gene transfer mediated by conjugative 

pili (Soucy et al., 2015), competition and cooperation mediated by diffusible metabolites and 

chemical signals (Little et al., 2008; Velicer and Vos, 2009), and predatory interactions (Tecon 

and Or, 2017). Bacterial interactions are vital for evolutionary and ecological processes in soil 

(Tecon et al., 2018; Zhang et al., 2020). Most interactions occur at the scale of individual 

bacterial level through close physical contact (Jansson and Hofmockel, 2018; Zhang et al., 

2020). The spatial domain of the interactions is limited to the environment surrounding bacteria 

(Nadell et al., 2016). The individual-based interactions in every domain accumulate and 

consequently affect community structure in a given habitat, thereby influencing many soil 

ecological processes such as microbial evolution (Jansson and Hofmockel, 2018; Tecon et al., 

2018). 

Soils can be viewed as three-dimensional structure consisting of pore spaces and solid 

grains (Bailey et al., 2013; Wilpiszeski et al., 2019). As bacterial habitats, the highly 

heterogeneous pore spaces and grains surfaces control bacterial adhesion, distribution, 

dispersion, and motility (Bailey et al., 2013; Watt et al., 2006). Spatial isolation resulting from 

the complexity of the soil pore network confines two bacterial microcolonies to unconnected 

pores or pores with pore throats smaller than 0.2 μm that bacteria cannot pass (Chenu and 

Stotzky, 2001; Foster, 1988). Evidence shows that about 15%-50% of the soil porosity is 

inaccessible to bacterial cells (Chenu and Stotzky, 2001). The entrapped bacterial microcolonies 

may have limited dispersion with short distance and long encounter duration that are favorable to 

their interaction with neighbors (Tecon and Or, 2017). Additionally, soil remains unsaturated for 
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most of the time, and the aqueous phase of soil is fragmented by different sizes of pores 

(Dechesne et al., 2010; Wang and Or, 2013). Tecon et al. (2018) demonstrated that drier 

conditions where the aqueous phase fragments promoted bacterial cell-to-cell interaction. Motile 

bacteria are slowed down under drier conditions, which increase the average duration of cell-to-

cell contacts, thereby increasing the rate of interactions (i.e., conjugation) (Berthold et al., 2016; 

Tecon et al., 2018). To sum up, bacterial dispersion and mobility regulate bacterial cell-to-cell 

interactions in soil. However, related studies of cell-to-cell interactions still limited. 

When bacteria move through soil, they adhere to soil surfaces. The adhesion restricts 

bacterial motility and hence may affect cell-to-cell interactions (Massoudieh et al., 2007). The 

process of bacterial adhesion is governed by various surface properties, such as surface charge 

density, wettability, roughness, topography, and stiffness (Carniello et al., 2018; Song et al., 

2015; Zheng et al., 2021). Many studies have proposed that van der Waals force and electrostatic 

interactions are major forces that determine bacterial adhesion onto soil surfaces (Renner and 

Weibel, 2011). The wall surfaces of bacterial cells typically contain carboxyl, amino, and 

phosphate groups, which can gain or lose a proton giving the cell surface a net electrical charge 

under different pH conditions (Rijnaarts et al., 1999). Bacteria generally possess a net negative 

charge at ambient pH values  (Rijnaarts et al., 1999). Consequently, bacterial adhesion occurs 

more on positively charged surfaces and less on negatively charged surfaces (Gottenbos et al., 

1999; Guo et al., 2018; Oh et al., 2018). Currently, it is unclear how bacterial adhesion 

influences the cell-to-cell interactions and further soil microbial evolution and community 

diversity.  

Conjugation is one of the bacterial cell-to-cell interaction processes. In this process, the 

conjugative plasmids are transferred from donor to recipient cells through direct cell-to-cell 
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contact (Couturier et al., 2023; Massoudieh et al., 2007; Von Wintersdorff et al., 2016). In this 

study, we employed a model system of conjugation between the bacterial donor and recipient 

cells to explore how soil surface charges and solution ionic strength affect bacterial conjugation. 

The process was monitored by observing the expression of fluorescent marker genes, which 

caused the donor, recipient, and transconjugants cells to fluoresce in different colors. Quartz sand 

with uniform grain size was used to represent the soil particles, and fluorescence imaging and 

cell counting were used to enumerate various cells and calculate the frequency of conjugation. 

 

3.3 Materials and Methods 

3.3.1 Chemicals  

Tryptone, yeast extract, agar powder, sodium chloride (NaCl), tetracycline, and iron 

chloride (FeCl3) were obtained from Fisher Scientific (Waltham, MA, USA). Potassium chloride 

(KCl), di-sodium hydrogen phosphate (Na2HPO4), and potassium phosphate (KH2PO4) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). All chemicals used were of reagent grade 

or higher purity. 

 

3.3.2 Porous media preparation 

The porous media selected for the study were raw, uniform, Ottawa 20/30 quartz sand 

(particle size D50 = 0.72 mm) and hematite-coated sand. The raw sand was thoroughly rinsed 

with deionized water to remove any suspended impurities and was then oven-dried at 60 oC to 

obtain clean sand (Zhuang et al., 2009). The hematite-coated sand were prepared according to a 

previously described procedure (Benjamin et al., 1996). Briefly, 80 mL of 2.5 M FeCl3 solution 

was mixed with 345 g sand and co-heated to 110℃ under stirring hourly for 3 hours until the 
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sand appeared to be dry. The temperature was raised to 550℃ for additional 3 hours, and then 

the sand was cooled to room temperature (21±1oC). Then, the sand was rinsed for five times with 

Milli-Q water to wash away the dark loose fractions with a dark red coating remained on the 

sand surface. Since the coating was hygroscopic when the sand was cooled, the coated sand was 

subjected to seven more drying cycles, each consisting of 3 hours of drying at 110℃ followed by 

21 hours at the room temperature. The coating became progressively less hygroscopic during this 

procedure, and the coating became stable after the final cycle. 

 

3.3.3 Bacterial strains and preparation 

The soil bacterium, Pseudomonas putida strain KT2440, and its genetically modified 

strain were used as a model system to examine the effects of cell adhesion and pore confinement 

on cell-cell contact in terms of conjugation. The wild-type, plasmid-less strain served as the 

recipient strain. P. putida KT2440::laclq-pLpp-mCherry-KmR  served as the donor strains with 

the engineered cryptic broad-host range plasmid pKJK5::Plac::gfp (Klümper et al., 2015). The 

plasmid-containing donor constitutively expresses the mCherry fluorescent protein as well as the 

laclq repressor of the Plac promoter, which prevents expression of green fluorescent protein 

(GFP) from the pKJK5::Plac::gfp plasmid in the donor cell (Tecon et al., 2018). Upon receipt of 

the plasmid, the recipient cell then becomes a transconjugant when the donor cell makes physical 

cell-cell contact. GFP can then be expressed in the transconjugant cells because the recipient 

strain lacks the laclq repressor (Normander et al., 1998; Tecon et al., 2018). In addition, the 

plasmid encodes resistant genes conferring resistance to tetracycline so that donor and 

transconjugant cells with the plasmid are resistant and can be selected on tetracycline-containing 

media. 
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To prepare bacteria for experiments, both donor and recipient strains were cultivated 

overnight in the Luria-Bertani (LB) medium containing tryptone at 10 g L-1, yeast extract at 5 g 

L-1, and NaCl at 10 g L-1at pH 7.2 in the presence or absence of tetracycline (15 μg mL-1). 

Tetracycline (15 μg mL-1) was added to the donor culture to ensure plasmid maintenance (Tecon 

et al., 2018). Twenty-five μL of an overnight recipient preculture was transferred into a 50 mL 

bottle containing 20 mL of fresh LB broth. Because the donor strains grew more slowly under 

the conditions, 100 μL of an overnight donor preculture was added into a 50 mL bottle 

containing 20 mL of fresh LB broth with tetracycline. Both strains were cultivated at 30 ℃ with 

shaking at 280 rpm for approximately 6 h to get cultures in the early stationary phase. The cells 

of the donor and recipient were then harvested by centrifugation at 6,043 g at 4 C for 10 min. 

The cell pellets were washed three times using sterile phosphate buffered saline (PBS) after 

carefully removing the supernatant using a pipette and finally resuspended in 5 mL of PBS. The 

PBS consisted of NaCl (98 g L-1), 0.2 g of KCl (0.2 g L-1), Na2HPO4 (1.15 g L-1), and 0.2 g of 

KH2PO4 (0.2 g L-1). Cell suspensions were diluted in PBS to obtain an optical density of 1 at 600 

nm (OD600).  

 

3.3.4 Bacteria adhesion experiments 

Bacterial cell adhesion isotherms on clean sand and hematite-coated sand were obtained 

using a batch equilibration method (Limousin et al., 2007). Briefly, 3.5 g of sterile the clean sand 

or hematite-coated sand was suspended in 4 mL of bacterial suspension in 0.1× LB broth with a 

nominal ionic strength of 17 mM at pH 7.2. The mixture was equilibrated at 25 ℃ for 5 min. The 

un-adhered bacteria were then pipetted from the aqueous phase after the particles sank to the 

bottom of the tubes. Serial dilutions were plated on LB agar plates to enumerate viable bacteria 
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as colony forming units (CFU). The number of bacteria absorbed on the clean sand or hematite-

coated sand (CFU per g of dry sand) was determined by subtracting the bacteria suspended in the 

aqueous phase from the total number of bacteria added at the initiation of the equilibration 

experiments. The adhered bacteria was determined by measuring the extracted amount with 

different initial bacterial titers of 5.5×104, 5.5×105, 5.5×106, 5.5×107, and 5.5×108 CFU mL-1 P. 

putida KT2440::laclq-pLpp-mCherry-KmR).  All experiments were performed in triplicate. The  

bacterial adhesion data was fitted with the following Freundlich isotherm model  (Zhao et al., 

2014).  

CS=Kf⋅C
1

n⁄
 

where Cs is the number of bacteria adhered on sand (CFU g-1), Kf is the coefficient related to 

adhesion capacity (mL g-1), C is the bacterial cell density in the equilibrium solution (CFU mL-

1), and 1/n is the linearity exponent. 

 

3.3.5 Conjugation experiments in microcosms 

To determine if conditions supporting bacterial growth were required for cell-to-cell 

conjugation, we incubated the bacteria with recipient-to-donor ratio of 10:1 at different initial 

total cell densities in PBS without nutrients for growth (no growth) or 0.1× LB media (growth 

sufficient conditions). The initial cell densities were set as 5.5×104, 5.5×105, 5.5×106, 5.5×107, 

and 5.5×108 CFU mL-1. After 24 h incubation, recipient, donor, and transconjugant cells were 

extracted and enumerated by an adapted drop plate assay (Chen et al., 2003). The frequency of 

transconjugant cells was obtained by normalizing the number of transconjugants to the sum of 

transconjugant and recipient cells. 
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The effect of hematite coating on the bacterial conjugation frequency was investigated. 

Specifically, 3.5 g of the clean sand or hematite-coated sand was added into 15-mL centrifuge 

tubes. The total volume of the sand was 2 mL with a pore volume of 700 μL as calculated from 

the bulk density and sand particle density (2.7 g cm-3). Fifteen μL of a suspension of the recipient 

and donor cells with a 10:1 ratio was inoculated to 700 μL of sterile 0.1× LB broth, where the 

microcosms were under saturated conditions (i.e., all pores were liquid-filled without free-

standing solution). The bacteria suspension and sand were then mixed evenly in microcosms and 

incubated at 30 ℃ for 24 h. The experimental conditions of the control microcosms (i.e., free 

liquid without sand) were set the same as the sand microcosms. After the incubation, 6.3 mL of 

PBS was added to each tube. The tubes were then placed in a water-bath sonicator (FS20 

Ultrasonic Cleaner, Fisher Scientific) to disperse cells for 2 minutes. Recipient, donor, and 

transconjugant cells were enumerated by an adapted drop plate assay (Chen et al., 2003). In the 

second set of experiments, background 0.1× LB solution with different ionic strengths adjusted 

with NaCl concentration (i.e., 0 mM, 17 mM, and 50 mM) was used for bacterial incubation in 

free liquid and sand microcosms to examine the effect of solution ionic strength on bacterial cell-

to-cell conjugation. In the third set of experiments, different intensities of sonication (0-, 2-, and 

10-minute sonication) were applied to the incubated samples to detach the bacteria from the sand 

surfaces. All experiments were performed in triplicate vessels. 

 

3.3.6 Enumeration of cells with fluorescence imaging 

Enumeration of donor, recipient, and transconjugant cells were conducted according to an 

adapted drop plate assay. Briefly, 50 μL-droplets per dilution were pipetted onto agar plates, and 

the plates were incubated at 30 ℃ overnight. The dilutions resulted in 10-300 CFU per plate for 
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counting. The total population size, including recipient, donor, and transconjugant cells, was 

estimated by counting CFU on LB agar plates without tetracycline. Counts on plates with 

tetracycline were used to get the population size of resistant donor and transconjugant cells. The 

difference between total and resistant population sizes gave the number of recipient cells. To 

discriminate donor and transconjugant cells on agar plates with tetracycline, the plates were 

placed in the fridge for three days to increase the mCherry signal for donors and the GFP signal 

for transconjugants. IVIS Lumina K w/XGI-8 Anesthesia System (PerkinElmer, Waltham, MA, 

USA) equipped with the spectral filters for mCherry fluorescence and GFP was used to analyze 

red and green colonies, respectively. 

 

3.3.7 Statistical analyses 

Data were compared with a One-way Analysis of Variance (ANOVA). Duncan tests were 

applied to assess the statistical differences between mean values. SPSS 28.0 (IBM SPSS 

Statistics) software was used to perform spearman correlation analyses with different letters 

(e.g., a, b, c) annotated on graphs to indicate significant statistical differences among treatments 

at p<0.05. 

 

3.4 Results 

3.4.1 Effect of initial concentration and bacterial growth on conjugation 

Bacterial cells in non-growth media did not occur conjugation events as no 

transconjugant cells were observed at different initial concentrations (Figure 3.1A). The pre-

requirement of cell-to-cell conjugation in this study was bacterial growth (Figure 3.1B), which is 

consisted with the vast majority of conjugation studies (Barr et al., 1986; Jutkina et al., 2018; 
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Møller et al., 2017; Schuurmans et al., 2014). The absolute population of transconjugant cells 

increased to 8.60×106, 9.75×106, 6.15×107, 3.60×108, and 1.07×109 CFU mL-1 following the 

initial inoculum of 5.50×104, 5.50×105, 5.50×106, 5.50×107, and 5.50×108 CFU mL-1, 

respectively (Figure 3.1B). The results indicate that high initial recipient and donor cell 

concentration boosted the cell-to-cell physical contact increasing the absolute transconjugant 

population in the limited liquid volume. However, it is worth noting that conjugation frequency 

was similar at each initial bacterial inoculum except for the highest (5.50×108 CFU mL-1). The 

conjugation frequency was approximately 0.12 at the four lower concentrations, which was 6-

fold lower than that at the highest initial cell concentration (Figure 3.1C). Recipient cells with an 

initial concentration of 5.50×108 CFU mL-1 grew faster and had stronger competitiveness than 

the donor cells in the solution, leading to a relatively low conjugation frequency. Accordingly, in 

this study, all conjugation experiments were conducted in 0.1× LB media for growing bacteria 

rather than in non-growth media. 

 

3.4.2 Bacterial adhesion isotherms 

The clean sand and hematite-coated sand adsorbed the donor cells in different amounts 

(Figure 3.2). The adsorption followed the Freundlich adsorption isotherm with R2 values higher 

than 0.98. The number of adsorbed cells increased with the initial bacterial concentration. The Kf 

values of donor cells adhesion to the clean sand (0.73 mL g-1) was 2-fold higher than that of 

hematite-coated sand (0.34 mL g-1). The number of adsorbed cells to hematite-coated sand was 

higher than those to clean sand, suggesting that iron oxide promotes bacteria adhesion due to the 

positively charged sites on the hematite. 
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3.4.3 Effects of hematite on growth and conjugation 

The average number of cell doublings for all three types of cells was greater in the 

presence of either the clean sand or the hematite-coated sand compared to sand-free liquid media 

(Figure 3.3A). No significant difference in the growth was observed between the clean sand and 

the hematite-coated sand. Bacterial population increased ~40 folds in the liquid media 

(corresponding to five to six cell doublings during 24 h incubation time), in comparison with the 

~128-fold increase in either the clean sand or hematite-coated sand (Figure 3.3A).  

The absolute number of transconjugant cells and conjugation frequency were proposed to 

evaluate conjugation events in different microcosms. The frequency of conjugation was the 

number of transconjugants to the sum of transconjugant and recipient cells, which represents the 

probability of the occurrence of conjugation. The total number of transconjugants enumerated 

after 24 h of incubation followed the order of sand-free liquid media < hematite-coated sand < 

clean sand (Figure 3.3B). The absolute numbers of transconjugants were the highest in clean 

sand microcosms (1.23×107 CFU mL-1) but were the lowest in the sand-free liquid media 

(4.00×105 CFU per mL-1), suggesting high rate of plasmid transfer in sand microcosms but low 

rate in sand-free liquid. The conjugation frequency was as low as ~0.005 in the sand-free liquid 

media. Conjugation frequencies in clean sand and hematite-coated sand microcosms were about 

30-fold and 10-fold higher than that in the sand-free liquid media (Figure 3.3C). These results 

indicate that pores in sand microcosms facilitated cell to cell plasmid transfer, whereas sand 

surface modification by hematite reduced the frequency of bacterial cell-to-cell conjugation 

relative to the clean sand. 
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3.4.4 Effects of ionic strengths on conjugation 

Background 0.1× LB broth solutions with different ionic strengths (0, 17, 50, and 100 

mM) adjusting with NaCl concentration had no significant influence on bacterial growth in sand-

free liquid media or sand-containing microcosms. Likewise, there was no significant difference 

in the absolute number of transconjugant cells with various IS except at the highest value of 100 

mM in sand-free liquid media (Figure 3.4A). At 100 mM, transconjugants approached the 

highest abundance of approximately 2.10×106 CFU mL-1 (Figure 3.4A). The absolute number of 

transconjugant cells was higher in sand microcosms than in sand-free liquid media., A 

decreasing trend in the transconjugant cells with increasing ionic strength was observed in the 

clean sand microcosm (Figure 3.4B). The maximum value (3.55×107 CFU mL-1) was observed at 

0 mM, which was 3-fold the minimum value at 100 mM. The decreasing trend was not 

significant in the hematite-coated sand microcosm (Figure 3.4C). Transconjugants in this 

microcosm decreased from 2.00×107 to 1.20×107 CFU mL-1 with increasing IS from 0 mM to 17 

mM but remained constant when the ionic strength is higher than 17 mM.  

The frequency of conjugation was not affected by ionic strength in sand-free liquid 

media, except at the highest ionic strength value of 100 mM where the frequency of conjugation 

increased significantly (Figure 3.4D). In the presence of clean sand, the frequency of conjugation 

decreased with increasing ionic strength (Figures 3.4EF). The frequency was about 20-fold larger 

than that in sand-free liquid media, which the highest value reached to ~0.20 at an ionic strength 

of 0 mM (Figure 3.4E). However, the frequency of conjugation was not significantly affected by 

ionic strength in the hematite-coated sand and the value was stable at ~0.1 (Figure 3.4F). 
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3.4.5 Relationship between transconjugant cells and bacterial adhesion 

Sonication was used to detach cells from the sand surfaces. To assess the impact of 

sonication on the viability of cells each strain was exposed to sonication in liquid media without 

sand or oxide-coated sand. No statistically significant difference in cell number was observed 

among the recipient, donor, and transconjugant cells with and without sonication in sand-free 

liquid media (P > 0.05, Figure 3.5A). In the presence of solid phases, the total population of all 

three bacterial strains in sand microcosms over the 24-h incubation increased by 2.5-4.7 and 3.0-

4.6 times after the sonic detachment treatments for 2 and 10 min, respectively (Figures 3.5BC). 

The results indicated that sonication could detach bacteria from the solid surfaces but had no 

effect on bacterial survival or reproduction. However, there was no significant difference in 

transconjugants under different sonic time lengths in clean sand and hematite-coated microcosms 

(Figures 3.5BC). The results suggested that transconjugants attached to solid surfaces had a 

minimal contribution to the total abundance of transconjugants. 

 

3.5 Discussion 

3.5.1 Conjugation 

The study aimed to evaluate the effect of solid surfaces on the frequency of cell-cell 

interactions. Conjugation was used as a proxy measurement to quantitatively assess cell-to-cell 

contact with a model bacterial system with fluorescent bioreporters. The presence of sand 

particles in the aqueous phase promoted conjugation compared with that in the free liquid media 

(Figure 3.3). The greater conjugation frequency observed in the sand-containing microcosms 

compared to the sand-free controls may be due to the compartment of aqueous (Figure 3.6). 

Bacteria have evolved a large array of motility mechanisms to promote colonization in the 
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environment (Jarrell and McBride, 2008; Miyata et al., 2020; Raina et al., 2019). In aqueous 

environments, bacterial swimming motility using a single or multiple flagella is the most well 

characterized mechanism (Berg and Anderson, 1973; Nakamura and Minamino, 2019; Silverman 

and Simon, 1974). Cells swim freely by rotating their flagellar filament (Nakamura and 

Minamino, 2019). When all the flagella in a cell spin counterclockwise, the filaments form a 

bundle behind the cell that pushes it forward in roughly a straight line (Turner et al., 2000; 

Wadhwa and Berg, 2022). Once cells encounter obstacles or sense a change in the concentration 

gradient of a chemical attractant/repellant, flagella switch their direction of rotation and then 

straight swimming of the cell continues in a new direction (Berg and Brown, 1972; Larsen et al., 

1974). P. putida, used in this study, is a multi-flagellated species that has five to seven flagella at 

one pole (Harwood et al., 1989). The motility of these cells generally follows a straight line in 

the aqueous environment, but cells reorient their direction when encountering the sand particles 

(Turner et al., 2000; Wadhwa and Berg, 2022). The aqueous phase within the porous structure of 

sand matrices was typically disconnected, forming isolated water filled compartments (Figure 

3.6). Each ‘compartment’ had a smaller volume and a shorter cell-to-cell distance than that in the 

solid-free aqueous cell suspensions. P. putida required direct contact (<1 μm of donor-recipient 

distance) with rigid pilus to transfer plasmids (Seoane et al., 2011). As a result, conjugation 

events should be more frequent in the aqueous phase with solid particles of porous matrix either 

via confinement of cells in smaller pore spaces serving to increase the cell density and 

probability of cell-to-cell contact or through attachment to surfaces co-localizing cells in close 

physical proximity (Figure 3.6). 
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3.5.2 Adhesion affects cell-to-cell conjugation 

The confinement of cells in small spaces (microcosms) promotes cell-to-cell contact as 

we discussed before but bacterial cell adhesion on solid surface might hinder the contact process 

as shown in our results (Figure 3.3) with higher frequency in hematite-coated sand microcosm. 

The isoelectric point of P. putida KT2440::laclq-pLpp-mCherry-KmR is ~pH 6.52 and the point of 

zero charge for hematite was found to be ~pH 8.8 (Hanna, 2007). Therefore, at pH 7.2 (i.e., the 

experimental conditions), the net surface charge of the bacterial donor strain was negative while 

the surface charge of hematite-coated sand was positive. The ionic attraction of cells to the 

surface allowed cell attachment through electrical attraction forces. More positive charges on 

sand surfaces result in stronger attraction interactions. The surface charge of hematite-coated 

sand was more positive than clean sand, which produced larger attraction forces between the 

bacterial donor strain and the hematite-coated sand surface. 

A plausible explanation for the adhesion inhibiting conjugation is that the cellular 

alignment on the solid surface likely limited bacterial mobility. Bacterial cells, such as 

Pseudomonas strains (Wadhwa and Berg, 2022), aligned themselves in ways that would 

maximize contact area between the cell and the solid surface (Díaz et al., 2007; Hochbaum and 

Aizenberg, 2010; Hsu et al., 2013). During this process, motile bacteria firstly differentiate into 

an aligned chain of cells, and then growing chains further develop fibers and bundles on the solid 

surface (Honda et al., 2015; Mamou et al., 2016; Mendelson, 1999). These well-aligned 

structures promote sliding of a colony on a solid surface where the swimming behavior of 

bacteria is not efficient, which might achieve a stronger and more stable attachment (Van Gestel 

et al., 2015; Yaman et al., 2019). Typically, conjugation occurred by transferring the plasmid 

from the donor through the pilus to the side of the recipient cell opposing the location of pilus 
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attachment (Honda et al., 2015; Mamou et al., 2016; Mendelson, 1999). However, adhesion of 

bacteria to the surface of sand particles fixed the cells, contributing to the loss of motility and 

limiting bacteria to contact with other bacteria swimming in liquid phase of inter-sand particles 

(Honda et al., 2015; Mamou et al., 2016; Mendelson, 1999; Van Gestel et al., 2015; Yaman et 

al., 2019), and thereby adversely impacting conjugation frequency. 

The bacterial plasmid transfer competence on sand surface does not occur in all cells of a 

population. In the current study, bacterial adhesion was well described using the Freundlich 

isotherm indicative of multiple layer adsorption (Halsey, 1948; Kalam et al., 2021). Prior studies 

have demonstrated that conjugation preferentially proceeded at the top surface of the biofilm but 

not in the deeper layers (Madsen et al., 2012; Molin and Tolker-Nielsen, 2003; Reisner et al., 

2012; Stalder and Top, 2016). In addition, discontinuous patches of plasmid transfer between 

donor and recipient cells appears at the edge of bacterial colonies on solid surfaces (Koraimann 

and Wagner, 2014; Reisner et al., 2012). These discontinuous patches demonstrate infrequent 

events of plasmid transfer from some cells of the donor cells to recipient cells but not from all 

(Koraimann and Wagner, 2014). Based on the available information, donor and recipient cell 

adhesion hindered the bacterial conjugation likely by affecting bacterial mobility and the number 

of bacteria available for occurring conjugation.  

 

3.5.3 Impact of ionic strength on cell-to-cell conjugation 

The conjugation frequency varied in the presence of the clean sand and hematite-coated 

sand under different ionic strength conditions. It should be noted elucidating the ionic strength 

effects were difficult to determine by the inclusion of 0.1× in the experimental solutions because 

conjugation failed or was below detection in minimal salt solutions that would not support the 
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growth of the experimental strains.  Thus, the true ionic strength of the experimental system was 

difficult to calculate because 0.1× LB broth was included in the experimental solutions. The 

normalized ionic strength reported here refers only to the addition of varying amounts of NaCl 

added to the 0.1× LB broth base media. The interaction between the surface (i.e., particle with 

relatively large size, sand) and a smaller particle such as a cell, combines the effects of van der 

Waals attraction and the electrostatic repulsion due to the electric double layer of counterions 

based on the DLVO theory (Hiemenz and Rajagopalan, 2016; Marshall et al., 1971). Increasing 

ionic strength in aqueous solutions shields surface electronic charges of both bacteria and the 

sorbing sand surface yielding the decrease of attraction and electrostatic repulsion (Barrow, 

1987; Zhuang and Jin, 2003). Thus, the electrostatic repulsion between the surface and the tiny 

particle decreases with increasing ionic strength when the surface and the tiny particle have the 

same sign of charges. As P. putida and clean sand surfaces are negatively charged at the 

experimental pH 7.2, the decrease of conjugation frequency with increasing ionic strength could 

be caused by the increased bacterial adhesion (Figures 3.4BE), which is the result of reduced 

electrostatic repulsion between bacterial cells and clean sand. In contrast, increasing ionic 

strength decreases attraction between the sand particle surface and the cell due to the same 

shielding effect when the surface and the cell are oppositely charged (Barrow, 1987; Jones and 

O’Melia, 2000; Zhuang and Jin, 2003). However, as hematite-coated sand surface was positively 

charged at the experimental pH 7.2, in this study, organic molecules in the LB medium may have 

adsorbed to the surfaces creating less polar organic films and creating a new surface on which 

the bacteria may adhere (Bos et al., 1999; Hori and Matsumoto, 2010; Schneider and Marshall, 

1994). Some of the sites on the hematite-coated sand that would otherwise be available for 

bacterial adhesion were probably occupied by organic materials. Increasing ionic strength likely 
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reduced organic matter adsorption on the surface, which liberated some sites for bacterial 

adhesion. Indeed, bacteria attached more to the hematite-coated sand surface at high rather than 

low ionic strength. The enhanced cellular adsorption may have been the cause of the decrease 

conjugation frequency when the ionic strength was increased in the hematite-coated sand 

microcosms (Figures 3.4CF). 

 

3.6 Environmental implications 

Bacterial cell-to-cell interactions control community diversity, dynamics, and functioning 

and are of critical importance to evolutionary and ecological processes in environments (Tecon 

et al., 2018; Zhang et al., 2020). To interact, bacteria have to remain close physical contact, and 

thus the complex soil pores and rough surface that greatly influence bacterial dispersion, 

motility, separation, and isolation are crucial for shaping bacterial interactions (Wilpiszeski et al., 

2019). Our findings advance the understanding that physicochemical dynamics govern soil 

microbial spatial distribution and interaction. By extension, these findings have implications for 

possibly managing microbial activity through environment-friendly physical approaches. Many 

agricultural operations affect physical conditions in soil, such as the disruption of soil structure 

due to crop cultivation and tillage (Six et al., 2000). The sustainability of agricultural 

management necessitates to pay special attention on the relation between key physical factors 

and microbial life. Our findings also inform quantitative models that predict ecological processes 

relevant to microbial life in the soil. Integrating basic principles of microbial ecology to 

predictive models accurately offers evidence-based soil management strategies.  
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Appendix 

 
Figure 3.1 Absolute bacterial number and conjugation frequency in non-growth and growth 

bacterial cultures after 24 h incubation. (A) Absolute number of recipient and donor cells in non-

growth culture (PBS). (B) Absolute number of recipient, donor, and transconjugant cells in 

growth culture (LB medium). (C) Conjugation frequency in LB medium which was calculated by 

the quotient of transconjugants and the total of transconjugants and recipients. Error bars 

represent the standard deviations of triplicate vessels.  
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Figure 3.2 Equilibrium adhesion isotherms of donor cells (P. putida KT2440::laclq-pLpp-

mCherry-KmR) to clean sand and hematite coated sand at pH 7.2 in 0.1× LB solution with 17 

mM ionic strength adjusting with NaCl concentration. The solid and dashed lines represent fitted 

curves by the Freundlich equations for clean sand and hematite-coated sand, respectively. Error 

bars represent the standard deviations of triplicate vessels. 
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Figure 3.3 Bacterial population after 24 h of incubation at 30℃ in liquid and sand microcosms. 

(A) average cell doublings for total bacterial population. (B) the final number of recipients, 

donors, and transconjugants after incubation. (C) the frequency of transconjugation calculated as 

the ratio of transconjugants to the sum of transconjugants and recipients. Error bars represent the 

standard deviations of triplicate vessels. Different letters (e.g., a, b, c) were annotated on graphs 

to indicate significant statistical differences among treatments at p<0.05. 
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Figure 3.4 Absolute number of transconjugant cells (ABC) and frequency of conjugation events 

(DEF) after 24 h incubation in sand-free liquid media and in sand microcosms (i.e., clean sand 

and hematite-coated sand) with different ionic strengths (0, 17, 50, and 100 mM). Error bars 

represent the standard deviations of triplicate vessels. Different letters (e.g., a, b, c) were 

annotated on graphs to indicate significant statistical differences among treatments at p<0.05. 
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Figure 3.5 Absolute number of recipient, donor, and transconjugant cells after incubation of 24 h 

in sand-free liquid media (A) and in microcosms (i.e., clean sand (B) and hematite-coated sand 

(C)) under different exposures to sonication (0 min, 2 min, and 10 min sonic). Error bars 

represent the standard deviations of triplicate vessels. Different letters (e.g., a, b, c) were 

annotated on graphs to indicate significant statistical differences among treatments at p<0.05. 
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Figure 3.6 Conceptual diagrams of potential impacts sand particles with different surface 

properties on cell-to-cell contact as measured by conjugation frequency. In sand-free liquid 

media, donor cells fail to encounter recipient cells due to bacterial swimming with a straight line. 

The enhanced conjugation frequency observed in the presence of sand particles may have 

resulted from closer confinement and more collision of interacting cells in smaller pore spaces. 

However, the hematite-coated surface immobilizes donor and recipient cells, lowering 

conjugation frequency. 
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Chapter 4. Pore-scale Distribution of Bacteria and 

Viruses in Soil Using Small Angle Scattering  
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Publication Note 

The following chapter is in the review for potential publication. 

 

My contribution to this work was experimental design, sample processing, enumeration of 

bacteria and viruses, SAS data analysis, and drafting the manuscript. 
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4.1 Abstract 

Soil microbe habitats and are active in a complex 3-D soil physical framework. The 

structure of solid and pore space causes a variety of local conditions at the pore scale in soil, 

which determines microbial growth, activity, and interaction with one another, thereby affecting 

soil ecosystem function. However, the quantification of the spatial distribution of microbe at a 

fine scale remains scarce due to the technique limitation. This study examined relationships 

between the pore structure of soil macroaggregates and the pore-scale distribution within that 

structure. Small angle scattering techniques, including ultra-small angle X-ray scattering 

(USAXS), ultra-small angle neutron scattering (USANS), and SANS, were used to characterize 

the soil pore structure. The distribution of model bacteria (Escherichia coli strain C3000) and 

viruses (MS2) at different sized pores was evaluated based on the difference in X-ray/neutron 

contrast among soil, bacteria/viruses, and air. Results imply that the optimal pore size for 

bacterial colonization was greatly close to bacterial size. In our case, 2 μm-sized E. coli 

distributed in 2.1 to 3.6 μm-sized pores with high abundance. Viruses in soil pores were 

aggregated together to prevent penetration into nanopores where viruses remain inaccessible 

until it is eventually dislodged by water flow and removed from the pores, or the stable pores are 

themselves physically or biologically disrupted. The study provides direct evidence for the 

microbial distribution at the micro- and nano-pore scale in soil, which is a significant step 

towards a complete understanding of microbial dynamics in structured soils.  

  



 114 

4.2 Introduction 

Soils harbor myriads of microbial communities serving as the trophic foundation of the 

food webs that sustain terrestrial life on Earth (Erktan et al., 2020; Wilpiszeski et al., 2019). Soils 

and microbes recycle nutrients to support the growth of primary producers and provide the 

elemental cycling pathways of production and degradation (Jansson and Fredrickson, 2010; 

Jansson and Hofmockel, 2020; Leff et al., 2018; Tecon and Or, 2017). Due to the large spatial 

heterogeneity of soils, the microbial distribution is intricately linked with soil structure, such as 

pore size distribution, pore connectivity, and aggregation (Hartmann and Six, 2023; Vos et al., 

2013). The variability of soil structure at different scales of measurement presents difficulty in 

establishing a reliable predictive comprehension of microbial processes occurring within the soil 

(Graham et al., 2016). Studying the spatial patterns of soil microbes assists in gaining a deeper 

understanding of microbial contributions to soil functions. 

At the spatial scales that are most pertinent to microbial biogeochemistry, soils consist of 

microaggreagtes (<250 μm) and macroaggregates (250 to 2,000 μm) (De Gryze et al., 2006; Six 

et al., 2000). Geometrical characteristics of the pore space of aggregates, including pore volume, 

shape, connectivity, size, and tortuosity of pathways, can impact microbial distributions and 

interactions in soil at different length scales (Bailey et al., 2013; Ebrahimi and Or, 2016; 

Sessitsch et al., 2001). Soil organic matter fills micropores in microaggregates, remaining water 

to form immobile water film or a hydration shell that restricts microbial movement (Six et al., 

2004; Zhuang et al., 2008). Macroaggregates regulate oxygen diffusion through the gaseous 

phase and water flow, as well as the microbial motility (Carminati et al., 2007; Sexstone et al., 

1985). Moreover, the accessibility of pore spaces for various microbes influences microbial 

interactions, such as the transmission of viruses between bacterial populations. The majority of 
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microbes live in soil pores ranging from nanometer to millimeter. The sizes of bacteria range 

from 500 to 10,000 nm, whereas the sizes of viruses range from 20 to 80 nm. Theoretically, 

viruses could reach into pores down to 30 nm whereas bacteria only access the pores larger than 

500 nm (Kuzyakov and Mason-Jones, 2018; Radlinski et al., 2004). The difference in the 

distribution between bacteria and viruses in soil pores may control their abundance and diversity, 

interactions in heterogeneous soils (Kuzyakov and Mason-Jones, 2018). Although the significant 

impact of soil structure on soil microbial activities, it remains an extremely challenging task to 

non-destructively measure microbial distribution across soil pores of varying sizes, especially at 

nano- and micro-scale pores. 

Small angle scattering (SAS) techniques, including (ultra) small angle X-ray scattering 

and neutron scattering (i.e., SAXS, SANS, USAXS, and USANS), have been widely applied to 

study pore structure in a variety of materials, such as petrographic samples (Liu et al., 2019; 

Vishal et al., 2019), activated or graphitic carbons (Wang et al., 2022), porous alumina 

(Rasmussen, 2001), and natural soils (Mayer et al., 2004; McCarthy et al., 2008). The SAS refers 

to the deflection of a beam of radiation (X-rays, neutron) from its original direction by 

interaction with electrons (for X-ray scattering) or atomic nuclei (for neutron scattering) at pore 

surfaces within the sample (Glatter et al., 1982). Compared with other techniques, SAS can study 

a wide range of void sizes (from ~10Å to 15-μm) (McCarthy et al., 2008). Further, because X-

rays and neutrons penetrate through the sample, these techniques provide information on the 

entire void space and its contents, not just those portions accessible from the exterior 

(Melnichenko, 2016). In addition, the scattering ability of different materials for X-rays or 

neutrons varies, thereby variations in the material composition within a pore may cause contrasts 

in scattering intensity (Melnichenko, 2016). Consequently, the SAS techniques can provide 
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information about porosity, pore size distribution, and the size distribution of water- and 

microbe-filled pores at μm, even nm, resolution. They could be a powerful approach to 

examining the microbial distribution within intact soil structures at the fine pore scale. 

The goal of this study was to investigate the relationship between the spatial distribution 

of microbes and macroaggregate structure. We focus on quantifying how the pore system 

regulates the accessibility of bacteria or viruses to variously sized pores at nano- and micro-scale 

in soil aggregates. To achieve this goal, we used advanced USAXS, SANS, and USANS 

techniques to explore internal pore morphology (e.g., pore size distribution, pore volume) of 

aggregates and the spatial distribution of bacteria and bacteriophage within the aggregate 

structure. 

 

4.3 Materials and Methods 

4.3.1 Chemicals 

Tryptone, yeast extract, agar with molecular genetic grade, and sodium chloride (NaCl) 

were obtained from Fisher Scientific (Waltham, MA, USA). Potassium chloride (KCl), di-

sodium hydrogen phosphate (Na2HPO4), and potassium phosphate (KH2PO4) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Deuterium oxide (D2O) were purchased from Acros 

Organics. All chemicals used were of reagent grade or higher purity. 

 

4.3.2 Isolation of soil macroaggregates  

Field forest soil was kindly supplied by Andrew Margenot from The University of 

Illinois Urbana-Champaign, which was collected from Flanagan series in Illinois, United States. 

The soil is a silty clay loam. Roots, rhizomes, and rocks in the soil were removing by sieving soil 
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through an 8-mm sieve or manually. The sieved soils were air dried and stored in polyethylene 

bags at room temperature. Water-stable soil macroaggregates (250-2,000 μm) were from the 8-

mm sieved soil by using wet-sieving method (Six et al., 2000). Specifically, air-dried soil 

samples were transferred to the 2,000-μm sieve and submersed in water for 5 minutes before 

sieving commenced. Continuous and steady water at a height of 2.5-cm above the 2,000-μm 

sieve flowed through the sieve while shaking caused the released aggregates to be immediately 

flushed through the 2,000-μm screen onto the underlying 250-μm sieve. Soils were sieved under 

water by gently moving the sieve 3 cm vertically 50 times over a period of 10 min through water 

contained in a shallow pan to ensure that the isolated aggregates are water-stable. Five to eight 

replicate subsamples of soil were processed to collect sufficient amounts of water-stable 

macroaggregates for study. The macroaggregates remaining on the sieve was freeze-dried and 

then stored at room temperature (21±1℃) in capped glass bottles.  The mass proportion of 

macroaggregates in bulk soil was quantified that the isolated macroaggregates comprised about 

60% of the bulk soil mass.  

 

4.3.3 Bacteria and bacteriophage preparation 

Escherichia coli strain C3000, rod-shaped bacteria with 2 μm of length and 1 μm of 

diameter, was obtained from ATCC and can be used as a bacteriophage host (Chien et al., 2012). 

Bacterial cells grew in 300 ml of autoclaved Luria-Bertani (LB) medium containing (per liter) 10 

g of tryptone, 5 g of yeast extract, and 10 g of NaCl at pH 7.2 at 37℃ with shaking at 280 rpm. 

After 24 hours of incubation, 100 ml of E. coli strain C3000 culture were collected and 

centrifuged at 8,500 g for 10 minutes at 4℃. The supernatant was discarded carefully using 

pipette to avoid disturbing the pellet. Then, the cell pellets were washed using sterile phosphate 
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buffered saline (PBS: (per liter) 8 g of NaCl, 0.2 g of KCl, 1.15 g of Na2HPO4, and 0.2 g of 

KH2PO4) three times to wash off LB broth and any other impurities attached on bacterial surface. 

After that, the washed pellet was resuspended in PBS. The cells suspension was adjusted to 108 

colony-forming unit (CFU) per mL and stored at 4℃ for further experiments.  

MS2 is a male-specific, unenveloped, single-stranded RNA bacteriophage containing 

31% of nucleic acid and having a low isoelectric point of 3.9, and its diameter ranges from 24 to 

26 nm (Zhuang and Jin, 2003). The bacteriophage was obtained from ATCC. Five hundred μL of 

MS2 stock mixed with 500 μL of their host, E. coli strain C3000, were added into 100 mL of LB 

medium and incubated 18 hours at 37℃ with shaking at 280 rpm. One hundred mL of the 

mixture was centrifuged at 5,500 g for 10 minutes, and then the supernatant was passed through 

a 0.22 μm Millex syringe-driven filter. The filtered solution was ultracentrifuged at 37,000 g for 

3 hours and the phage pellet was gotten after discarding the supernatant. After that, the pellet was 

washed twice using PBS. After that, the pellet was resuspended in PBS and the viral 

concentration was adjusted to 1011 plaque-forming unit (PFU) per mL. The viral suspension was 

flash-frozen in liquid nitrogen and then stored in -80℃ for further use. 

 

4.3.4 Enumeration of bacteria and viruses 

Enumeration of E. coli strain C3000 cells was conducted according to an adapted drop 

plate assay (Chen et al., 2003). Briefly, 50 μL-droplets per dilution were pipetted onto agar plates 

and the plates were incubated at 37℃ overnight. The dilutions that resulted in 10-300 CFU per 

plate were counted.  

The abundance of MS2 was quantified by the double-agar layer (DAL) method of plaque 

assay using E. coli strain C3000 as the host (Brewster et al., 2012). Briefly, the LB media for the 
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top and bottom layers contained 0.7% and 1.5% agar (pH 7.5), respectively. The top layer was 

melted to a liquid state and maintained at 48℃ until plating. E. coli strain C3000 was grown in 

LB media for 5 hours in exponential at the early stationary phase. One hundred μL of MS2 

dilution and 100 μL of 5 hours aging MS2 host, E. coli strain C3000, were added to 3 mL of 

0.7% top layer agar in a water bath or heating block set as 48℃ prior to plating. The inoculated 

top layer was poured quickly over the surface of a dried and labeled 1.5% LB agar plate. The 

overlay was allowed to harden for 30 minutes, and then the inoculated plates were incubated at 

37℃ for 18-24 hours. After incubation, the phenotype and number of plaques were visualized 

and used to count MS2 concentration. The infectious phage unit is termed as PFU. 

 

4.3.5 Equilibrium of bacteria and viruses in soil aggregates 

Five samples including soil macroaggregates with PBS, E. coli strain C3000 with PBS, 

soil macroaggregates with E. coli strain C3000 and PBS, MS2 with PBS, and soil 

macroaggregates with MS2 and PBS, were collected for SAS measurements. To generate soil 

macroaggregates with E. coli strain C3000 and PBS, 1 mL of E. coli strain C3000 suspension 

with 108 CFU/mL in PBS was incubated with 0.6 g (dry weight) of water-stable soil 

macroaggregates in capped capillary tubes with 5 mm diameter overnight. Preparation of soil 

macroaggregates in PBS without E. coli strain C3000 followed identical procedures. Duplicate 

samples of each treatment were analyzed with SAS. Preparation of viral samples followed 

identical procedures and the concentration of viruses was 1011 PFU/mL. 
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4.3.6 SAS data collection and analysis 

SAS measures the changes in the scattering intensity of the scattered neutrons or X-rays 

as a function of the momentum transfer, q, which is related to the three-dimensional solid 

scattering angle, θ, by 

q=4Π sin θ λ⁄                                                                        (1) 

where λ is the wavelength of the radiation. Combing Eq. (1) and Bragg’s law (λ=2L sin θ) 

(Melnichenko, 2016) gives the length scale, L, detected at a given q range: 

L~2 Π q⁄                                                                             (2) 

The comparative analysis of pore sizes derived from intensity data can provide 

information about bacterial/viral distribution within the soil macroaggregate pore structure. The 

pattern of scattering intensity, I(q), is determined by the geometry of the interface between the 

solid matrix and a pore space containing material, such as air, at different length scales 

(McCarthy et al., 2008). This pattern can be related to a pore size distribution if the Euclidean 

shape of the pores is given or reasonably assumed (McCarthy et al., 2008). The intensity of 

scattered radiation is then related to the scatterers’ size distribution. For a two-phase scattering 

system, the intensity of scattering can be expressed by (Kotzias et al., 1987): 

𝐼(q)=|∆ρ2| ∫ |F(q, r)|2V2(r)NP(r)dr
∞

0
                                      (3) 

where ∆ρ2 represents the scattering contrast which is determined by the difference in the 

scattering length densities (SLD) between the pores and solid matrix, F(q, r) is the scattering 

form factor for particulate scatterer shape, V(r) is the volume of sample material within the X-ray 

or neutron beam, N is the total number of scattering particles, and P(r) is the probability of 

occurrence of scatterers at size r. The term V(r) is known as the sample thickness since the x- and 

y-dimensions of the sample are established based on shutter settings on the incoming beam. In 
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practice, when calculating the sample intensity of scattering (I(q)), the known or estimated 

sample thickness is included as an input parameter. This formula is, for computational purposes, 

replaced by a summation formula with a limited number of bins in radii: 

𝐼(q)=|∆ρ2| ∑ |F(q, r)|2rmax
rmin

V2(r)NP(r)dr                                      (4) 

 

USAXS. USAXS measurements were conducted at the UNICAT beam line of the 

Advanced Photon Source (APS) at Argonne National Laboratory (Argonne, Illinois, USA). The 

UNICAT USAXS instrument uses absolute calibration based on first principles (standard-less), 

providing results directly on an absolute scale. The wavelength of USAXS was 1.109 Å-1 with a 

measurable q-range of 10-4 to 10-1 Å-1. USAXS data were calibrated and analyzed using a 

software package “Irena”. 

The maximum entropy method in the Irena software determined the size frequency 

distribution of voids. The pore volume distribution, which represents the relationship between 

the volume enclosed in a pore and the size of that pore, is displayed as a function of the larger 

dimension of the oblate spheroid used as a shape (aspect ratio of 0.1). Using the size distribution 

as a histogram, f, the scattering equation can be transformed into a linear equation. 

I=Gf                                                                          (4) 

where G is the matrix component which describes the assumed morphology of the scatters 

underlying the measured data, I.  

 

SANS and USANS. SANS and USANS experiments were conducted using the Bio-SANS 

and USANS beam lines at the High Flux Isotope Reactor and the Spallation Neutron Source of 

Oak Ridge National Laboratory (Oak Ridge, Tennessee, USA), respectively. Contrast-variation 
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SANS measurements involve adjusting the percentage of heavy water in the suspension medium 

(Mahieu and Gabel, 2018). This approach allows for selective contrast matching of certain 

regions within the system based on their SLD values, enabling precise tuning of their 

contributions to the scattering intensity (Semeraro et al., 2021). In this study, soil 

macroaggregates in water of PBS consisting of various proportions of D2O (i.e., 0%, 15%, 45%, 

65%, and 85%) were analyzed by SANS to determine the contrast match point of soil aggregates. 

The data were calibrated and reduced background. The SANS and USANS data were 

analyzed with a unified model using “Irena” software to approximate the scattering intensity 

over the range of q in terms of structural levels (Beaucage, 1995): 

𝐼(q) = ∑ (Gi exp (
-q2Rg,i

2

3
) +Bi exp (

-q2Rg,i+1
2

3
) q

i

*Pi) +Bkgd
n

i=1

 

where q*=
q

{erf(
kqRg,i

√6
)}

3 is an error function to provide a smooth transition between the Guinier 

regime and the Porod regime (Beaucage, 1995). Gi and Bi are pre-factors for the Guinier 

exponential and power law terms, respectively. Rg can be converted into an equivalent pore 

radius by assuming some specific shape for the pores, i.e., spherical or cylindrical. 

 

4.4 Results 

4.4.1 USAXS results 

4.4.1.1 USAXS curves 

The scattering intensities (I) as a function of the scattering vector (q) were plotted on log-

log scale and on an absolute scale (Figure 4.1). The sequences of scattering data represent the 

changes in the scatters, soil pores. The intensities are due to X-rays scattered from the electron 

density difference between the solid phase and the empty pores of soil at various length scales 



 123 

(Glatter et al., 1982). The intensities in the q region larger than 0.3 Å-1, between 0.01 and 0.3 Å-1, 

and small than 0.01 Å-1) correspond to the features of micropores (pore diameter < 20 Å), 

mesopores (20 Å ≤ pore diameter ≤ 500 Å), and macropores (pore diameter > 500 Å) 

respectively. The ordinate is the intensity of X-ray scattering, reflecting the abundance of surface 

area of pores over a 4 order-of-magnitude range in the size of the scatters, expressed as a 

function of the momentum transfer, q, which is inversely related to the length scale of the 

scatterer. The negative slope of the scattering curve in Figure 4.1 indicates that the total surface 

area and/or volume of scatterers (intensity) increases with the length scale of the pores (Liu et al., 

2021).  

For the original curves in Figure 4.1A, there are some differences in the intensities among 

soil aggregates, soil with bacteria, and soil with virus, representing the changes in the pore 

structure, such as pore size and volume. In the low q region, the scattering intensities of soil with 

bacteria were higher than just soil and soil with virus. It means that the specific surface area and 

volume of macropores increased with the presence of bacteria in soil. As for the intensities at 

high q, the intensities of soil with bacteria or virus were lower than the soil, which indicates the 

specific surface area and volume of micropores or mesopores decreased with the presence of 

bacteria or virus in soil. The differences in the intensities between soil without and with bacteria 

or virus were plotted in Figures 4.1B and 4.1C. These curves were used to further analyze 

bacteria- or virus-filled pore size and volume distributions. The differences compared with 

empty soil gave the bacterial and viral distribution in different sized soil pores. 

 

 

 



 124 

4.4.1.2 Pore volume distribution by USAXS 

Representative USAXS fitting curves using the maximum entropy (MaxEnt) method in 

the “IRENA” software package were presented in Figure 4.2. The size distribution of the pore 

volume for original soil pores and bacteria/viruses-filled pores can be estimated by fitting curves. 

The magnitude and size distribution of the pore volume differed substantially among bacterium-

filled and virus-filled pores. The pore volume filled by viruses are more than that by bacteria in 

the pores smaller than 100 Å and larger than 1,000 Å. We assume the results of <10 nm pores are 

caused by measurement errors. Bacteria distributed in soil pores occupied parts of original pore 

volume, which caused the decreases of volume fraction of macropores with diameter larger than 

1,000 Å. For the pores with diameter ranging from 100 to 1,000 Å, the pore volume with the 

presence of virus fluctuated. The aggregation of virus in these pores resulted in the decreases of 

pore volume with specified pore sizes. 

 

4.4.2 SANS and USANS results 

4.4.2.1 Determination of the contrast match point for soil macroaggregates 

As shown in Figure 4.3, the scatted intensity, I, decreased as the D2O fraction was 

increased up to 65% v/v; then further increase in D2O concentration increased I. The fitted 

results of the soil aggregate intensities using a power law fit method were shown in Figure 4.4. 

The equation, I(q)=αq-β, was applied to the fitting method. β is the power law exponent and can 

be determined from the slope of linear parts of log I(q) vs. log q plots. When the exponent varies 

as 0 ≤ β ≤ 3, it represents the volume (mass or pore) fractal dimension (Df). The fractal 

information of the pore network is one of the most important parameters to understand the 

changes of pore morphology. The volume fractal can be used to describe the aggregation of a 
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network. The red number in Figure 4.4 reflects β value. All β values were close to but less than 3 

which indicates the structure of soil pores is a volume fractal. The fractal dimension describes an 

extremely disordered pore network in three dimensions that is akin to a sponge-like morphology 

(Liu et al., 2021). The β value decreased from 2.91 to 2.75 as the D2O/H2O was increased from 

0% to 65% and decreased from 85% to 65%. The minimum value was approached at 65% 

D2O/H2O. Thus, 65% D2O/H2O was determined as the contrast matching point for the soil 

aggregates. 

 

4.4.2.2 Pore accessibility 

The fraction of accessible pores as a function of pore size (d) can be estimated based on 

the scattering intensities under initial and contrast-matched conditions (Melnichenko et al., 

2012): 

Pore accessibility (d) = 1 −
𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑑)

𝐼𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡−𝑚𝑎𝑡𝑐ℎ𝑒𝑑(𝑑)
 

where Iinitial (d) and Icontrast-matched (d) are the background-subtracted scattering intensities under 

initial and contrast-matched conditions, respectively. The estimated pore accessibilities for soil 

and soil+bacteria samples are shown in Figure 4.5. The fraction of accessible pores for soil 

sample (red triangle) sharply increased with increasing of pore size at pore size smaller than 50 

Å, and then decreased from 50 to 100 Å of pore size. After that, pore accessibility steady 

increased up to ~70%. The trend of pore accessibility for soil+bacteria sample (grey cycle) was 

similar with that for soil sample with a hump shown at the pore size around 50 Å. However, the 

fraction of accessible pores in the soil+bacteria sample reached to ~43% which was higher than 

the value in the soil sample with ~37%. There was no significant difference at the pore size 

larger than 200 Å between these two samples.  
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4.4.2.3 Changes in pore size due to bacteria within soil aggregates by combined SANS and 

USANS profiles 

To develop an understanding of bacterial pore-scale distribution within pore structure of 

soil aggregates, combined USANS and SANS analysis was performed, and the data were 

analyzed with the Unified Fit model. Figure 4.6 shows the combined the USANS and SANS 

curves in the log-log space. Porous materials often exhibit hierarchical structures, which are 

reflected in these data by the three Guinier “knees”. These knees result from separate 

distributions of scatterers (pores in this study) with similar sizes, and their locations correlate 

with the radii of gyration (Rg) of the size limits of those distributions where Rg ~ 2π/Q (Krzysko 

et al., 2020; Weston et al., 2020). Rg was used to represent the pore size because the pores of soil 

aggregates have irregular and tortuous shapes. Three major populations of pores were present, 

shown with level 1, level 2, and level 3 for soil sample (Figure 4.6A) and soil + bacteria sample 

(Figure 4.6B). 

The Unified Fit model was developed for modeling hierarchical materials (Beaucage, 

1995). In this model, each structural level is defined by an equation with two parts: with a 

Guinier section defining a maximum intensity (G) and Rg defining the upper size limit of the 

level, below which the intensity of the Guinier section of the curve drops off rapidly (Guinier et 

al., 1955). The rapid drop in intensity corresponds to the position of the knees mentioned above. 

A structurally limited power-law term contains a prefactor B governing its intensity and a power-

law slope P related to surface roughness as well as the same Rg used in the Guinier section. This 

power-law term defines the slope and intensity at Q values above each knee. The prefactor B is 

often defined in terms of G, Rg, and P and thus is not an independent variable. Based on the 

observation of three knees in the log-log scattering plots, two samples (i.e., soil shown in Figure 
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6A, and soil with bacteria shown in Figure 4.6B) appears to consist of three structural levels 

(i=3) with the size range analyzed by combined USANS and SANS. Level 1, 2, and 3 correspond 

to the small, medium, and large pores, respectively. The parameters obtained through the model 

fitting are shown in Table 4.1. The average Rg values for the small, medium, and large pores of 

soil sample (Figure 4.6A) are 651.15, 7,520, and 27,500 Å, respectively. Upon addition of 

bacteria, the size of small pores decreased ~70%, while a 32% size increased in the large pores 

was observed. There were not many changes of pore sizes in the medium pores after adding 

bacteria.  

 

4.5 Discussion 

4.5.1 SAS techniques 

Small-angle X-ray and neutron scattering are non-invasive experimental techniques to 

characterize structural properties of biological membrane (Kučerka et al., 2008). Recent 

developments have opened the path toward emerging quantitative scattering studies on live cells 

(Semeraro et al., 2017; Semeraro et al., 2021). The developments of SAS techniques make a 

possible bridging of molecular to cellular length scales. On the base of such background, in this 

study, SAS techniques were used to discriminate microbes in the complex soil pore environment. 

E. coli used as a model bacterium is classified as a Gram-negative bacterium and has a cell wall 

including inner and outer membranes, the peptidoglycan layer, and the periplasmic space, which 

envelope the cytoplasmic content (Lieb et al., 1955; Silhavy et al., 2010). The cytoplasm of E. 

coli was approximated by a prolate of homogeneous SLD and scattering contributions from 

macromolecules within the cytoplasm are negligible compared to their surroundings (Semeraro 

et al., 2021). However, the cell wall architecture contributes different SLD as a “shell” for cell 
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(Semeraro et al., 2017). Thus, the SLD of the cell wall is used to model the bacterial scattering 

form factor. 

Differences in the elemental composition of different materials result in variations in their 

SLD. These variations can be exploited to permit experimental control of the contrast between 

different materials. Contrast in pores filled with different materials has been used to determine 

details of porosity development (Antxustegi et al., 1998a; Antxustegi et al., 1998b; Calo et al., 

2001; Hall et al., 1997). The difference in contrast between hydrogen and deuterium allows for 

the powerful tool of H/D contrast variation because H2O and D2O are at opposite extremes in 

neutron scattering capacity (Schurtenberger, 2002). A D2O/H2O mixture can often be identified 

with the same SLD as that of the soils. When such SLD-matching liquid fills some size fraction 

of pores, those pores will not contribute to the total scattering curve. Subtracting the scattering 

curve for soil wetted with a contrast matching liquid at the desired water content from that of 

totally air-filled soil can provide information on the size distribution of pores that are accessible 

to the liquid under that set of water content conditions (Hall et al., 1997; Calo et al., 2001). If the 

SLD of D2O/H2O liquid matches that of soils, but contrasts with that of microbes, the difference 

in the scattering curves between soil and soil+microbes reveals the microbial distribution in 

different pores (Figures 4.3 and 4.4). 

 

4.5.2 Effect of soil pore size on microbial distribution 

The key goal of this study was to analyze the spatial patterns of microbes at scales 

associated with nano- and microhabitats using nondestructive techniques, SAS. Our results 

contribute that the 2 μm-sized model bacterial strain preferred to stay in micropores with a size 

of 0.1 μm larger than its size (Figure 4.2). The spatial distribution of bacteria was not uniform 
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and their location in the soil is dependent on factors like pore size distribution and substrate 

availability (Nunan et al., 2003; Ruamps et al., 2011; Juyal et al., 2019). The cell size of bacteria 

varies considerably from 0.2 to 750 μm in diameter (Schulz and Jørgensen, 2001). More than 

80% of bacteria are preferentially located in the inner part of soil pores compared to adhesion on 

soil outer surface (Ranjard and Richaume, 2001). Between 50% and 75% of the soil porosity is 

inaccessible to bacterial cells because bacteria cannot access closed pores and pass pore throats 

smaller than 0.2 μm (Chenu and Stotzky, 2001; Foster, 1988). Some studies suggest that the 

mean diameter of the pores most frequently colonized by bacteria was estimated at 2 μm whereas 

the majority of soil bacteria are less than 0.5 μm in diameter (Bakken and Olsen, 1987; Kilbertus, 

1980). In our case, the pore size for optimal bacterial colonization was greatly close to bacterial 

size. Pores smaller than the size of bacteria are not suited to bacterial colonization, whereas large 

pores do not provide adequate shelter from predators (Schnee et al., 2016; Vanek et al., 2016). 

Pores with closer size that bacteria harbored in provide optimal protection for bacteria from 

predation (Tecon and Or, 2017; Wright et al., 1995). The predation by bacterial consumers (e.g., 

protozoans) is less in fine-textured soils than in coarse-textured soils (Rutherford and Juma, 

1992). The porosity of fine-textured soil is made up largely of small pores (<2-3 μm) as a refuge 

for bacteria, which are less accessible to bacterial consumers but accessible to bacteria (Erktan et 

al., 2020; Gupta and Germida, 1989). Since soil is a dark labyrinth, even though there was no 

predation pressure in our studies, bacteria still actively moved into smaller pores. Additionally, 

soil organic matter is the endogenous source of carbon substrate and energy for soil microbes 

(Ranjard and Richaume, 2001). Up to 80% of the soil organic matter is contained in the fine 

fractions of soil, such as the microaggregated fraction (2-20 μm) (Christensen, 1992). The clay in 

the aggregates also favors bacterial adhesion by their negative charge (Young and Crawford, 
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2004). The micropores serve as the major adhesion sites of bacteria due to their similar 

dimensions to the bacteria, which stabilizes adhesion by allowing multiple contact points 

between bacteria and pore wall (Karanfil and Kilduff, 1999; Li et al., 2002; Lillo-Ródenas et al., 

2005; Urano et al., 1991). 

Viral aggregation in soil pores was observed in our study (Figure 4.2). Capsid surfaces of 

viruses are negatively charged at typical soil pH due to ionizable groups on their protein coats 

(Kimura et al., 2008; Michen and Graule, 2010). Viruses can therefore be viewed as small 

colloidal particles permeating the liquid phase of an interaction, porous soil medium (Sim and 

Chrysikopoulos, 2000). The concepts used in colloids have been applied to describe viral 

properties, such as aggregation (Jin and Flury, 2002). Viruses may aggregate when they contact 

each other to protect viruses from inactivation (Grant, 1995). Such behavior of viral aggregation 

in soil may also reduce the probability that viruses are transferred into nano-pores (<0.1 μm). 

Due to the small size of viruses, one assumption mentioned that a single virus moves into the 

nano-pores (<0.1 μm) and this virus will remain inaccessible until it is eventually dislodged by 

water flow and removed from the pores, or the stable pores are themselves physically or 

biologically disrupted (Kuzyakov and Mason-Jones, 2018). Increased size due to aggregation 

makes virus aggregates physically impossible for the virus to penetrate the nano-sized pores. 

 

4.5.3 Effect of pore-scale bacterial distribution on soil pore structure 

Bacteria distributed within soil pores modified soil pore sizes, and combined USANS and 

SANS analysis revealed that this process was coupled with changes to the sizes of small- and 

large-pores of soil aggregates with and without bacteria (Figure 4.6 and Table 4.1). Since 65% of 

D2O in H2O was used to match the SLD of soils (Figures 4.3 and 4.4), pore sizes calculated by 
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the combined USANS and SANS profiles of soil sample were the sizes of the pore which was 

inaccessible for D2O. The data analysis suggested an increase from 2.75 to 3.62 μm in the size of 

larger pores following the addition of bacteria (Table 4.1). As mentioned above, bacteria 

contrasts with soil under USANS and SANS measurement. The measured pore sizes of 

soil+bacteria sample thus included the pores that bacteria were colonized and the inaccessible 

pores. This shift of large pore size was presumably due to bacteria entering the accessible pores 

with ~3.62 μm of size. In addition, the size of small pore decreased and shifted from 0.065 of 

soil sample to 0.019 μm of soil+bacteria sample (Table 4.1). The addition of bacteria blocked the 

previous accessible pores making the pores inaccessible. These inaccessible pores contributed 

the changes of small pores. 

 

4.6 Conclusions 

This work sought to investigate the relationship between the pore structure of soil 

aggregates and the spatial distribution of microbes at a fine scale. Pore volume distribution and 

pore accessibility were determined for the soil sample with and without bacteria by using small 

angle scattering techniques. The results suggest that pore size and accessibility influence the 

distribution of bacteria/viruses in soils at micro- and nanoscales, and vice versa. Bacteria and 

viruses have their optimal pore as shelters for survival in response to soil harsh environments. 

The optimal pore size was related to bacterial size or viral aggregate size. Our novel application 

of small angle scattering provides direct evidence for the quantification of microbial distribution 

at the pore scale in soils. The observations complement the physical associations between 

microbes and soil pore system and lead to new frameworks to model the distribution of microbes 

in a range scale of the 3D soil environment.  
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Appendix 

 

Table 4.1 Modeling parameters of USANS and SANS profiles 

Parameter Soil Soil-Bacteria 

G1 (cm-1) 7.12 0.30 

Rg,1 (Å) 651.15 189.88 

B1 (cm-1) 7.27e-6 3.65e5 

P1 2.14 1.75 

G2 (cm-1) 1.49e5 1.88e5 

Rg,2 (Å) 7.52e3 7.28e3 

B2 (cm-1) 2.36e-8 5.29e-8 

P2 3.52 3.45 

G3 (cm-1) 7.79e5 8.32e5 

Rg,3 (Å) 2.75e4 3.62e4 

B3 (cm-1) 0.01 0.06 

P3 1.00 1.00 

Bkgd (cm-1) 0.01 0.01 

*Gi and Bi are pre-factors for the Guinier exponential and power law terms. i is the structural 

level. Rg is the radius gyration, which represents the pore size. Bkgd is the incoherent scattering 

background. 
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Figure 4.1 USAXS original curves of soil aggregates with and without bacteria (A), USAXS 

curves of E. coli (B) and MS2 (C) on log-log scale. (A) The curves F, G, and H represent 

samples of soil aggregates + PBS, soil aggregates + PBS + E. coli, and soil aggregates + PBS + 

MS2, respectively. The numbers (i.e., 1 and 2) show replicates. The purple and green curves 

represent two replicates. (B) The curves were gotten from the difference between soil + PBS + E. 

coli sample and soil + PBS sample. (C) The curves were gotten from the difference between soil 

+ PBS + MS2 sample and soil + PBS sample. The scattering data of soil + PBS + E. coli (B) or 

soil + PBS + MS2 (C) sample have already reduced with PBS + E. coli sample. The scattering 

data of soil + PBS sample have already reduced with PBS solution background. 

  

B CA
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Figure 4.2 Pore size and volume distribution of soil (purple), E. coli (blue), and MS2 (green). 

The results were obtained from the MaxEnt fitting method in IRENA to USAXS data.  
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Figure 4.3 SANS log-log curves of soil aggregates in background solution with different ratios 

of D2O:H2O, including 0%, 15%, 45%, 65%, and 85%. 
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Figure 4.4 Fitted curves of soil + PBS SANS data using Power Law in the SASView software. 

The numbers with red color show the fitted power value. 

  

Soil_0% D2O Soil_45% D2OSoil_15% D2O

Soil_65% D2O Soil_85% D2O

2.9144 2.8852 2.8312

2.7453 2.7702
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Figure 4.5 Pore accessibility of the soil aggregate and soil+bacteria samples. 
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Figure 4.6 USANS and SANS profiles and data modeling. Panel (A) shows the decomposition 

of total scattering intensity into level structures of soil. Panel (B) shows soil with bacteria. The 

circles with error bar represent the background-subtracted USANS and SANS profiles for soil 

(A) and soil with bacteria (B). The solid red lines represent the best fit based on the Unified Fit 

model. The circles without error bar represent the standardized residual. 
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Chapter 5. Summary and Conclusions 
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Soil plays a central role in supporting life and is home to an unimaginable diversity of 

microbes. While high microbial abundance in soil, microbes occupy no more than a few percent 

of the pore spaces and only <1% of the available soil surfaces. The spatial context of soil 

controls essential elements (e.g., water) for microbial activity and limits microbial distribution 

and interaction. This work comprised three consecutive studies focusing on developing a better 

understanding of how soil pores as the controlling factors affect water retention characteristics 

and microbial dynamics. 

The first study aimed to develop an approach for estimating soil water retention curves by 

understanding water characteristics in soil pores. Soil water retention determines microbial 

activity, plant water availability, and contaminant transport processes. Due to the difficulty of 

soil water retention characteristics measurement, an analytical model based on a fractional bulk 

density (FBD) concept was presented in this study. The concept allows the partitioning of soil 

pore space according to the relative contribution of certain size fractions of particles to the 

change in total pore space. The input parameters of the model are particle size distribution 

(PSD), bulk density, and residual water content at a water pressure head of 15,000 cm. Results 

showed that the FBD model was effective for all soil textures and bulk densities by testing 30 

sets of water retention data obtained from various types of soils that cover wide ranges of soil 

texture from clay to sand and soil bulk density. The proposed model provides a convenient way 

to evaluate the impacts of soil bulk density on water conservation in soils that are manipulated by 

mechanical operation. 

Secondly, microbial interactions in soil pore water and on surfaces within soil porous 

systems were investigated. Bacterial cell-to-cell interactions are vital for evolutionary and 

ecological processes in various environments. Cellular interactions depend on the 
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physicochemical conditions of their habitats (e.g., particle surfaces, aqueous). To explore how 

particle surface properties (i.e., surface charge), particle size distribution (i.e., from coarse to 

fine), and solution chemistry (i.e., ionic strength) affect bacterial cell-to-cell interaction, a model 

system of conjugation between the bacterial donor and recipient cells and monitored the 

interaction through the expression of marker genes was employed. The quartz sand with uniform 

size was used to represent the soil particle and fluorescence imaging and cell counting were used 

to enumerate various cells and calculate the frequency of conjugation. Based on evidence from 

experiments in sand microcosms, we demonstrated that close confinement and collision of 

interacting cells in isolated and small pore spaces in the presence of the solid phase of particles 

promoted cell-to-cell interaction. However, bacterial adhesion on solid surfaces decreases the 

probability of cells encountering others due to the limited motility of bacteria.  

Thirdly, the distribution of viruses and bacteria in the nano- and micro-pore of soil 

aggregates was examined. Previous studies demonstrated carbon and nutrients can be moved into 

and remain stable in nano-pores that viruses can reach but bacteria cannot. Theoretically, Viruses 

and bacteria could reach into the pores that are close to their size; however, direct information on 

the pore sizes that viruses and bacteria can enter is still lacking. A methodology to characterize 

the distribution of viruses and bacteria in pores by using advanced (ultra)-small angle neutron/X-

ray scattering techniques were developed. Neutron/X-ray analysis characterizes the pore sizes 

and corresponding pore volumes in the aggregates. The model virus, MS2 (~25 nm), and model 

bacterium, Escherichia coli strain C3000 (~2 μm), were equilibrated in saturated water-stable 

soil aggregates for 24 h before measuring by small angel-scattering instruments. The results 

show that bacteria and viruses have their optimal strategies for survival in soil pores in response 
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to soil harsh environments. Bacteria preferred to colonize in the pores greatly close to their sizes 

and viruses aggregated to prevent penetrating into nanopores.  

In agroecosystems, agricultural management practices (e.g., cover cropping, mechanical 

compaction, irrigation) can cause continuous changes in the physical properties of the soil, thus 

resulting in modifications mainly in its porous system. This project advances the understanding 

that physical factors affect soil water retention and microbial interactions and provides direct 

evidence to support viral and bacterial distribution in nano- and micro-scale pores in the soil. It 

has implications for predicting and possibly managing, microbial activity in agroecosystems.  
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