
ABSTRACT 

 

LOUCANIDES, ALTHEA. An Artificial Root System to Study Effect of Plant Root Exudates 

on the Rhizosphere Microbiome. (Under the direction of Oliver Baars). 
 

It is known that plant exudation and soil physiochemical factors drive rhizosphere 

microbial community assemblies. However, changes in the soil (e.g., iron limitation) also 

impact root exudation profiles (e.g., iron limitation induced exudation of phenolics). These 

factors compete in the rhizosphere, but it is yet unknown to what degree abiotic nutrient 

limitation or subsequent changes in root exudation profiles drive shits in microbiome 

communities. Due to complexities of working with soil and incorporating plants, biotic and 

abiotic stress factors have been studied separately. However, a better understanding of the 

degree to which these two effects lead to significant differences in rhizosphere community 

assembly can help us better understand which factor is dominant in the rhizosphere. In this 

study, we designed a controlled, cost effective, and scalable artificial root microcosm and 

applied this system to study soils amended with root-secreted specialized metabolites from 

tomato that are characteristic for secretion under nutrient replete and iron limited growth 

conditions.
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CHAPTER I 

 

Literature Review 

 

The rhizosphere microbiome. The root-soil interface, termed the rhizosphere (Hiltner, 1904), is 

a site of chemical influence from a given plant host as well as the stage for intense competition 

by numerous soil microbes. The rhizosphere is divided into three main regions: the endosphere 

(the apoplastic space between root cells), rhizoplane (the immediate root surface), and 

ectorhizosphere (containing soil very near the roots) (McNear Jr., D. H. 2013). 

Each region is denoted both by approximate spatial demarcations in relation to the plant as well 

as different microbial communities (Edwards et al. 2015) based on the level of chemical 

intervention along the concentration gradient of root-secreted material. As such, the rhizosphere 

is heavily influenced by interaction with the plant.  

 

The rhizosphere community supports an estimated 108-1012 bacterial cells per gram of 

soil (Kennedy and Luna 2005) and many of these microbes provide valuable community 

services. From nutrient cycling to production of community resources for nutrient mining 

(O’Brian et al. 2018), rhizosphere colonizers can range from beneficial to pathogenic and thus 

have impacts on plant health and soil fertility (O’Brian et al. 2018). Beneficial microbes have 

been a subject of scientific investigation for their potential uses in sustainable agriculture to 

boost plant-available nutrients, mitigate biotic and abiotic stressors, and subsequently increase 

plant health while minimizing environmental harm and overfertilization (Fasusi et al. 2021). The 

need for efficient use of space and resources to optimize yield is rapidly becoming a pressing 

issue for supporting a growing population. In a world facing drastic environmental changes, a 

key strategy for supporting sustainable food production is to focus on achieving crop resilience in 

the face of predicted changes. 
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Leveraging colonization of rhizosphere microbes has been successful in the application 

of arbuscular fungi (AM) to plants leading to a mutually beneficial exchange of plant 

carbohydrate for increased phosphorus and water uptake. Other attempts have been made to 

leverage other forms of beneficial microbes such as Bacillus subtilis or free-living nitrogen fixers 

in biofertilizers, but with limited success (Fasusi et al. 2021).  

Of equal importance to plant health is the presence of plant pathogens in the rhizosphere. 

Thus, another focus of research in rhizobiome research surrounds the use of biocontrol agents 

such as Trichoderma (Fasusi et al. 2021) to leverage their secondary metabolism to guide 

community assembly. The mechanisms and drivers of these interactions often involve the 

secretion of antimicrobial secondary metabolites. Studies evaluating the colonization and 

inoculation of plants have resulted in varied levels of success (Elliott et al., 2020; Chowdhury et 

al., 2015). A major issue in these applications is varied success when microbial inoculants are 

applied in different soil environment and with different plant hosts, as biofertilizer components 

are rapidly outcompeted by natural populations. To make progress, a better understanding is 

needed about what drivers of microbial community assembly like plant root exudates or changes 

soil chemistry. This is a vital area of study that will contribute to our ability to maintain plant 

health in a changing world. This research aims to create a system that enables us to unravel the 

impact of plant root exudates and soil physiochemical factors on microbial community assembly 

while maintaining sufficient replication to ensure conclusive results when seeking to separate 

two overlapping factors like nutrient stress and soil properties. 

 

Drivers of rhizosphere microbiomes. 

 

Rhizosphere effect. It is known that the rhizosphere supports a microbial community distinct 

from that of bulk soil (that is, soil not in contact with roots and outside of the immediate root 
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induced chemical concentration gradient) as a direct consequence of plant metabolic intervention 

(Zhalnina et al. 2018; Canarini et al. 2019; Edwards et al. 2015). In rice, it has been 

demonstrated that exudation is a main driver of this phenomenon called the rhizosphere effect as 

demonstrated by the gradated shift in microbial community along the root exudate concentration 

gradient, from most concentrated (endosphere) to the rhizoplane and to the rhizosphere 

(Edwards et al. 2015). Each location sustains a unique community. Evidence further supporting 

the role of exudation shaping the rhizosphere is the observation that the rice rhizosphere enriches 

organisms 100-fold over bulk soil (Edwards et al. 2015). The rhizosphere effect as defined here 

has been observed in many plant systems including tidal marsh grasses (Liu et al. 2019; Dotania 

and Meena 2015), Arabidopsis (Micallef et al. 2009), and crop plants including maize, oat, and 

barley (Garbeva et al. 2008). 

 

Constitutive root exudation. Root exudation is known to play a role in driving rhizosphere 

microbiomes. It is well known that plants can secrete up to 40% of their photosynthate into the 

soil and this has influence over the rhizosphere microbiome, a phenomenon called the 

rhizosphere effect (Canarini et al. 2019). Plants provide the rhizosphere with a range of high and 

low molecular weight compounds that help shape the microbiome through different functions. 

The most general subset of root released compounds are primary metabolites that all plant cells  

must make and take part in core-metabolic processes. Metabolites that partake in primary 

metabolism  reach the surrounding soil environment by diffusions or active secretion near the 

root tip and represent a main component of what we call ‘constitutive exudation.’ Constitutive 

exudation are exuded compounds that are consistently exuded throughout a plant’s life cycle. A 

large portion of constitutive exudation consists of primary metabolism including core 

metabolites generated to sustain plant life from photosynthesis –sugars, amino acids. These 

metabolites can have different core roles, and may, for example, act as carbon substrates to 



4  

provide a major source of nutritive requirements to support microbial growth or act as signals 

like succinic acid (Feng et al. 2021; Jaitz et al. 2011). Constitutive exudation can, in some cases, 

also include specialized metabolites such as pytoanticipins. 

Additionally, most plants will supply the rhizosphere with high molecular weight 

exudates such as mucilage or border cells that have been sloughed off from movement through 

the soil which act as a matrix and substrate for microbial communities (Nugyen et al. 2009; 

Somasundaram et al. 2008). Through these carbon and nitrogen sources, a wide range of 

microorganisms can survive despite intense competition over resources in the rhizosphere 

environment. Through competition and selective pressures from plant secreted signals and 

antimicrobial compounds, studies demonstrate a selective effect resulting in a decrease of 

microbial diversity (Edwards et al. 2018). Not all constitutive exudation is strictly primary 

metabolism; however, as the line between primary and secondary metabolites is not clear cut, 

and primary metabolites can function outside of their primary roles. Additionally, secondary 

metabolites such as a wide array of organic acids from the TCA cycle (Yuan et al. 2015) are 

often seen exuded constitutively (Liu et al. 2017, Kamilova et al. 2005). 

 

Induced root exudation. Induced exudation is any change in exudation as a direct result of 

either biotic or abiotic exogenous factors. This includes both upregulated primary metabolism 

that serve secondary purposes in the rhizosphere (outside supporting primary plant functions) as 

well as secondary metabolism. Many primary metabolites have secondary functions that are 

upregulated under stress conditions. For example, under lower nutrient stresses, both primary 

metabolism (through secretion of protons and organic acids) and secondary metabolism 

(through secretion of coumarins and other reducing chemicals) work synergistically to 

solubilize, chelate, and reduce otherwise insoluble ferric iron (Haldar and Sengupta 2015). 

In contrast to the exudation of compounds from primary metabolism that is shared among 
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all plant species, there is also more specialized exudation resulting from plant specific 

secondary metabolism. Different plant families have evolved to have branches of specialized 

metabolism to adapt to different environments, nutritional requirements, or defense from native 

pathogens and herbivores, and control for the set of microbes in a particular clime. To achieve 

this, plants utilize specialized secondary metabolism to synthesize and secrete compounds to 

include chemoattractants and chemodeterrents (Hasegawa et al. 2019) to control the rhizosphere 

community, antimicrobial compounds (Zhalnina et al. 2018; Canarini et al. 2019) to reduce 

pathogen presence and threat, as well as reductants and chelators (Mavrodi et al. 2021) for 

nutrient acquisition. Secondary metabolism can shape its environment to suit a plant’s needs or 

be characteristic advertisements to pathogens of a viable host.  

 

An example of how plant-specific root exudates interact with rhizoshere microbes is the 

interaction between tomato and the pathogen Ralstonia solanacearum K60. Tomato exudation 

has been shown to be preferentially chosen in chemotaxis assays with the R. solanacearum over 

nonhost (rice) exudates (Edwards et al. 2018). This implies that there are either constituents in 

host exudation that are not present in nonhost exudation or constitutive exudates that are present 

in higher concentrations. Select tomato secondary metabolites have been shown to have 

chemotactic effects for this pathogen (Hasegawa et al. 2019). Though secondary metabolism has 

been less represented in the literature for its effects on community assembly due to the 

complexity of acquiring some of the compounds as standards, secondary metabolism may have 

effects on other soil borne microbial interactions as well. 

An example where induced metabolism is used to tailor the rhizosphere is in the 

acquisition of nutrients. For many necessary nutrients, pH is a driving factor allowing metals to 

be present in soil in a soluble, readily accessible form. A particularly interesting example of such 

a relationship between a plant and the environment is with the micronutrient iron. While iron is 
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generally present in sufficient concentrations in most soils, it is very often present in biologically 

inavailable forms due to the formation of insoluble ferric oxides and pH>6 in oxygenated soils. 

Thus, organisms have evolved strategies for accessing iron via chelation of ferric iron or 

reduction to the more soluble ferrous iron species. In plants, this is accomplished through 

exudation of organic acids, chelators, and reducing compounds. In tomato, several organic acids 

as well as different coumarin derivatives have been characterized as key exudates to solanaceous 

crops’ ability to cope with iron stress (Rai et al. 2020). 

 

Effects of Abiotic Factors on Community Assembly 

 

Soil Structure. The soil matrix is a complex, heterogenous mixture of abiotic and biotic features 

that also exert control over both the distribution of, and diversity of microbes. Soil structure 

plays a large role in creating favorable environments for microbes to thrive. Soil structure can be 

introduced or altered by mechanical disruption from tilling, compaction, insect interactions, and 

wetting/drying cycles to create micro and macroaggregates, minerals and organic carbon. It is 

known that the majority (upwards of 70%) of microorganisms in soil inhabit communities 

intrinsically linked these microaggregates (Wilpiszeski et al. 2019). Aggregates in soil create 

pathways for aeration and can be linked during wetting events which can allow for flow of 

nutrients to adjacent communities or to or from plant roots. Aggregate structures of differing 

sizes are known to house communities with distinct functional roles. For example, nitrogen 

fixing bacteria are commonly found in < 2 µm clay-based aggregates while nitrifiers have been 

observed to occupy aggregates ranging up to ten times the size (Wilpiszeski et al 2019). In these 

ways and more, soil structure in the soil matrix is known to affect nutrient cycling and 

microorganism diversity which is important to note for possible effects in the rhizosphere. 

 

Plant secretion of sugars and polysaccharides or mucilage are known to aid in the 
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formation of soil microaggregates (Islam et al 2020, Wilpiszeski et al. 2019). Microaggregates, 

which house higher concentrations of microbes and less diverse communities, then play a role in 

the vast increase in microbial concentration in the rhizosphere as compared to bulk soil (Zhang et 

al. 2020). In this way, plant secretions further aid the role of the effect of soil conditions on 

microbial communities. These root secreted sugars create a base that can serve as a glue to form 

aggregates of varying sizes that may alter the functional profile of the soil environment around 

the root as compared to bulk soil (Gunina and Kuzyakov 2015) 

 

Soil Nutrients. Soil nutrient concentration and availability is a driver of both induced 

exudation as well as microbial community assembly. Nitrogen, phosphorous and carbon pools 

have been shown to relate strongly to microbial content in grasslands. Fungal communities 

appear to dominate nutrient scarce soils (de Vries et al. 2012). Nutritive needs trigger 

physiological changes in root architecture as well. Nutrients that are present in low 

concentrations or are less chemically mobile to move through soil solutions, as micronutrients, 

particularly iron and plant available forms of phosphorus (HPO4 
2− or H2PO4 

−), trigger root 

expansion (Richardson et al. 2009). This can lead to altering soil structure through mechanical 

forces of roots growing through soil as well as increased exudation, thereby creating a more 

serviceable environment for microorganisms to colonize and either mitigate or exploit the needs 

of the plant (Bengough 2003; Bodner et al. 2021). 

Soil properties like texture, moisture, and pH can be altered by fertilization and other 

common farming practices which in turn alter the microbial community directly (by altering 

immediate environmental conditions) and indirectly (by altering activity of surviving microbes 

that control carbon mineralization and nutrient sequestration) (de Vries et al. 2012; O’Brien et al. 

2018). One important soil factor that strongly influences what microbes can exist in a given soil 

habitat is soil pH. Microbes have optimal ranges of pH preference, but pH also controls the 
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availability and solubility of many key nutrients, as is the case with iron and phosphorus. Both 

are often present in sufficient quantities but have limited availability in biologically available 

forms depending on the soil pH (O’Brien et al. 2018). This is particularly an issue for iron in 

many farming regions, as soil pH nearing neutral to basic contain mostly insoluble or strongly 

chelated ferric iron and these chemical species are inaccessible to biota. Competition for iron 

among microbes and plants via acidification of the surrounding environment or secretion of 

chelators or reductants may affect the organism structure in the rhizosphere (Stringlis et al. 2018, 

Stringlis et al. 2019). Of equal importance to nutrient availability is redox potential of soils. 

Redox interactions are at the core of life, regulation of genes, defense responses in the form of 

reactive oxygen species (ROS), and a large part of regulating plant response to core redox 

related nutrient deficiencies (Kandlbinder et al. 2002; Husson 2013). In aerobic systems like 

agricultural soils, there is a higher redox potential, more potential for exchange of electrons 

thereby changing the oxidation states of important nutrients from less biologically accessible 

forms like ferric iron to more accessible forms like ferrous iron. Under lower pH, redox potential 

increases as does the activity of reduction of iron and other soil borne compounds.  

 

Artificial roots and rhizospheres. Rarely are soil influences and plant influences examined 

together, and it is the aim of this research to understand the effects of both biotic (plant 

exudation) and abiotic (soil conditions) factors in isolation and when combined. To do so, an 

artificial root and rhizosphere system was chosen. Previous artificial root systems have been 

designed but were not created with the set of restrictions that would make studying this question 

possible. Key considerations such as cost effectiveness, a metal free system (to ensure the iron 

limited soil treatment remained free of metal contamination), a scale suitable for moderate (50-

100 samples) throughput and use with quantity limited treatments, as well as accuracy with the 

methods of root exudation, were often not necessary for prior iterations of previously developed 
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systems. 

 

The root tip scale in several simplified rhizosphere studies as reported by (Griffiths et al, 

1998; Joner et al. 2002) and (Falchini et al. 2003; and Ranella et al. 2003) was unreasonably 

large for the rhizosphere scale necessary for this study (20 cm in the former and 6 cm in the latter 

studies). These studies also incorporate possible iron contamination (piston pressed soil) as well 

as other sources of carbohydrate contamination using filter paper. 

 

Rhizon samplers, commercially available products consisting of an approximately 5 inch 

long flexible tube with a porous ceramic filter with a diameter of 2 mm, as used by Kuyakov et 

al. (2006), Kiluwet et al. (2015), and Yuan et al. (2017), provided a good root tip scale, but 

incurred an unnecessary cost as rhizon samplers are more useful for sampling very precise areas 

in soil. Additionally, as they are somewhat unwieldy due to their lack of rigidity and long length 

as compared to a microcentrifuge tube, their use was ruled out for this work. It would be difficult 

to work with enough of these samples to suit the scale necessary for this work (50-100 samples) 

and they would require the use of multichannel syringe pumps which makes the >100 µL 

treatment scale less feasible. 

 

Taking in consideration these practical concerns, the sizing of the rhizon sampler (1.5 

mm) and the use of glass tubes to avoid iron contamination from more readily available similarly 

sized blunt syringes, were key aspects to beginning the design of a scalable artificial rhizosphere 

suitable for maintaining a high enough quantity of samples to ensure statistical relevance when 

studying the separation of soil iron effects and induced root exudate effects. 
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ABSTRACT 

 

Plants exude metabolites into the rhizosphere, shaping their ecosystem to aid in survival. Given 

environmental conditions and various stresses, the composition of root exudation can shift from 

constitutive compounds which exude consistently under replete conditions, to induced exudation 

containing new compounds, often from plant secondary metabolism to help the plant survive in 

varying environmental conditions. Exudation has been shown to be a factor in shaping 

rhizosphere microbiomes, as have several abiotic factors like soil chemistry and formation. 

Biotic (plant roots and their secretions) and abiotic (soil structure and chemistry) effects have 

been studied separately, despite being so closely linked. To accomplish the goal of studying the 

effects of abiotic soil factors like nutrient limitation and root exudation on rhizosphere 

colonization alone, and in tandem, a scalable artificial root/rhizosphere system was developed. 

The system was tested with several root exudate treatments and characterized via 16S 

sequencing data that showed a decrease in organism diversity in the presence of induced tomato 

exudates, consistent with the rhizosphere effect. Additionally, within iron-controlled soil (pH 

controlled to limit iron), clear separation of a constitutive exudate mixtures spiked with two 
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common iron stress exudates in tomato separated based on 16S community data in a Bradford 

plot suggesting strong consistency between biological replicates. 
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INTRODUCTION 

 

Exudates have many roles in plant biotic and abiotic stress responses and understanding 

how these roles affect each other is essential to explain how plants cope with environmental 

challenges. Plants interact with their soil environments by exuding up to 20–40% of their 

photosynthetically fixed carbon (Canarini et al. 2019). Plants use these exuded metabolites in the 

rhizosphere to adapt their environment to their needs. Two broad classes of exudation exist: 

constitutive exudation, consisting of both primary metabolites derived from photosynthetically 

fixed carbon and secondary (specialized) metabolites like tomatine, which function as  

pytoanticipins, and induced exudation which consists of secondary exudation and altered primary 

metabolism induced by an exofactor. It has been shown that both biotic (Badri et al. 2009; Rolfe 

et al. 2019; Liu et al. 2020) and abiotic (Carvalhais et al 2011; Zolla et al. 2013; Hartman and 

Tringe 2019) stresses can cause induced exudation, and the resulting rhizodeposited metabolites 

can affect the rhizosphere, from altering soil pH to attracting a new microbial member of the 

rhizosphere community due to chemotactic potential of induced exudates. Plant induced 

exudation can shape microbial environments thereby recruiting beneficial microbes, unwittingly 

broadcasting signals to pathogens, and introducing antimicrobial compounds that aid in 

stimulating microbial competition and encouraging restructuring of the microbial community. 

 

One economically important abiotic stress is iron limitation. Ferric iron (Fe3+), while 

abundant in soils, is typically unavailable due to its poor solubility and tendency to form 

unreactive chelates in neutral to alkaline soils (Rodriguez-Celma et al 2013; Harbort et al. 2020). 

Investigations of iron deficiency have revealed two distinct exudation driven iron acquisition 

strategies that leverage exudation to mitigate iron limitation (Harbort et al. 2020). The reduction 

strategy (strategy I) is employed by dicots and leverages metabolic production of organic acids,
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 proton pumps, and reductants to lower the pH of the soil environment and reduce ferric iron 

(Fe3+) to the soluble ferrous (Fe2+) species. The chelation strategy (strategy II) employs 

exudation of phytosiderophores by grasses to chelate ferric iron for uptake of the Fe(III)-

phytosiderophore complex. Strategy I is utilized by tomato resulting in exudation of reducing 

compounds such as the coumarins sideritin and fraxetin, as well as protons to acidify the 

environment (Rajniak et al. 2019). 

 

While aspects of tomato induced exudation in response to iron deficiency have been 

elucidated such as molecular links to biosynthesis genes triggering induced exudation of 

coumarins (Stringlis et al. 2018, Stringlis et al. 2019), it is also well known that physical 

substrate and soil chemistry directly affect the rhizosphere community (Wilpiszeski et al. 2019). 

However, it remains unclear if changes in abiotic soil environments cause shifts in rhizosphere 

microbiome communities, or if shifts in root exudation are responsible for observed microbiome 

changes. Soil is an extremely complex matrix and many studies seek to identify a simplified 

one-way interaction to investigate community assembly, using artificial exudation mixtures 

(Benizri et al. 1995; Bruggen et al. 2000; Yuanshang Yuan et al. 2017) to assess how 

metabolites alter rhizosphere microbial diversity. There is a gap to fill in the literature wherein 

iron limitation and root exudation as soil community drivers could be functionally separated to 

better understand the effects of each on community assembly. The objective of this research is to 

create a system capable of separating the effects of different soil microbial community 

assembly.  

Here, an artificial root system was developed to investigate the intersection of the effect 

of induced exudation and iron limitation inducing soil conditions for their respective roles in 

fostering and shaping rhizosphere communities. To study this, a system closely representing a 

root and the surrounding rhizosphere on a scale conducive to working with <100 µL quantities 
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for individual samples is necessary. The low sample volumes are necessary due to the difficulty 

of collecting root exudates on a large scale in a highly controlled way. While previous work 

with artificial rhizospheres has been done, none have been prepared to be scalable and useful for 

work with over 40 samples with such limited treatment quantities. By making it more feasible to 

analyze the effect that soil conditions and exudation have separately, we hope to deconstruct the 

degree of influence each has on the community assembly of the rhizosphere. Building on past 

studies, this system also is specifically planned for use with concentrated hydroponically 

collected root exudates as opposed to a simplified artificial mixture to provide a more realistic 

insight to how complex exudation is affecting community assembly and abundance. We 

hypothesized that this system would yield a decrease in microbial diversity consistent with that 

of the rhizosphere effect. In particular, we predicted a shift from generalist bulk soil dwelling 

microbes toward plant rhizosphere associated bacteria like those belonging to Proteobacteria as 

observed by both Zhalnina et al. (2018) and Edwards et al. (2015). Additionally, we expect to 

see a decrease in Actinobacteria and Firmicutes as in Zhalnina et al. (2018). This study reported  

phenolic compounds and organic acids in root exudates to be a main driver for community 

shifts. Phenolic compounds and organic acids have also been linked to increased root secretion 

under iron limited conditions previously. 

 

Sequencing of the 16S region was done to ensure that the artificial rhizosphere reacts 

similarly to nature by exhibiting the rhizosphere effect in response to two interesting 

characteristic iron limitation induced tomato exudates, fraxetin (an O-methylated coumarin) and 

tomatine (a glycoalkaloid) that is constitutively secreted but appears to be upregulated under 

stress conditions (Rai et al. 2020).  

 

Future directions for this work include using this artificial root and rhizosphere system to 

study how exudation and soil metal availability factors affect communities. By ensuring high 
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throughput, sufficient replication can be obtained for statistical analysis to draw meaningful and 

confident conclusions when answering complex questions. With high replicate numbers, it is 

possible to include twice the treatments for parallel for functional community culturing. The 

system is designed for easy separation of soil and liquid which makes plating for colony forming 

units or community analysis from soil flow-through a standardized and convenient process.  
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MATERIALS AND METHODS 
 

 

Soil preparation 

 

Iron limited soil. Sand (sable standard sand washed and ignited CAS 14808-60-7) was sieved 

through 2 mm mesh, rinsed with 100mM EDTA at pH 5.7 for 24 h with constant orbital 

shaking, and rinsed 6 times with milliQ (19 mega ohm) water to remove iron. The iron-stripped 

sand was autoclaved for 45 minutes at 121C under 15 psi. Miracle grow potting soil was sieved 

through 2 mm mesh and added to the sterilized sand in a ratio of 1 part sand to 2 parts by weight 

soil and the substrate was mixed manually. The sand-soil mixture was adjusted to pH 7 (+/- 0.1) 

by adding CaCO3 (Fisher Sci ACS reagent). Three 5 g samples were tested to confirm soil pH. 

Soil was stored at -80 degrees until thawed for use. 

 
Artificial root preparation. Artificial roots were utilized to allow for slow introduction of root 

exudate solution treatments. Having reviewed previous iterations of artificial roots, the “root” in 

contact with soil was chosen to be a glass capillary (1.4 mm outer diameter) as it has similar 

dimensions to a root and avoids metal which would interfere with the soil iron treatments. A 

syringe was utilized to allow for metered dispensing of treatment and was instrumental in 

limiting evaporation by maintaining a closed, watertight environment. 

 

Six to eight millimeter lengths of cut and sanded (manually on 100, 120, 180 grit 

sandpaper) glass capillary tubes were affixed to the tip of 1mL syringes with Ethylene-vinyl 

acetate (EVA) based glue. This assembly (Figure 2.1) creates the artificial root. The rhizosphere 

was mimicked by adding 0.4 g of sand-soil substrate with added 25% water (w/v) into a pipet tip 

trimmed to fit securely into a 1.7 mL microcentrifuge tube to allow drainage of excess moisture 
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and ensure uniform moisture content across samples. A hole punched in the lid of the 

microcentrifuge allows the capillary tube to fit and dispense treatment solutions. 

 

Soil Incubation. The experimental design consisted of iron minus soil where iron was stripped 

from the sand in the soil mixture, and pH adjusted by addition of CaCO3 to limit the 

bioavailability of iron. For these experiments acting as proof of concept for the system, a blend 

of generic constitutive exudates was used as described by Griffiths et al. (1998) and Joner et al. 

(2002). The treatments used included a “constitutive” artificial exudation mix of primary 

metabolism sugars, amino acids, and organic acids which are commonly detected root exudate 

components (Table 2.1). To this mix of exudates, spikes of major iron limitation induced 

exudates were added: fraxetin or tomatine (Rai et al. 2020). Other treatments were a water 

control, and Liquid Broth (LB), a complex rich medium supporting vigorous microbial growth. 

This work was completed in two iterations Experiment 1 characterized by an early attempt at an 

artificial root created by agar plugged capillary tubes, described in detail below, and Experiment 

2, which utilized more concentrated exudation and a closed artificial root system that used a 

modified Leur lock 1 mL syringe. All treatments of experiment 1 contained 0.1% DMSO the 

solvent used to prepare fraxetin and tomatine stocks while all treatments of experiment 2 

contained 0.5% DMSO. 

 

Completed artificial roots as pictured in Figure 2.1 (D), were left in the dark. At the 

same time for three days, 20 µL treatment solution was depressed into the “rhizosphere,” and 

left to incubate for 24 h, before another 20 µL was introduced. After all treatment was 

introduced, the entire system was left undisturbed to incubate in the dark at room temperature 

for 10 days. 
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Metabarcoding and sequencing 

 

DNA extraction. At the completion of the incubation of soil with treatment solutions, excess 

moisture was removed by centrifugation (10,000g for 10 sec) and genomic DNA was extracted 

from the soil with the DNeasy PowerLyzer PowerSoil kit (Qiagen). Extracted DNA was used in 

both endpoint PCR for sequencing and qPCR for microbial quantification. 

 
Endpoint PCRs and Primers. The 16S  rRNA region of bacteria was targeted and amplified 

using the 341F/805R primer pair (indexed primer sequences provided by the Carbone 

Laboratory at North Carolina State University. Replicates were barcoded separately via custom 

barcoded 341F (5’-CCTACGGGNGGCWGCAG-3’) primers and a universal 805R primer (5’-

GACTACHVGGGTATCTAATCC-3’). Reactions for amplification of 16S rRNA were carried 

out as follows: 95°C for 5 min followed by 25 cycles of 98°C for 20 sec, 55°C for 15 sec, and 

72°C for 15 sec followed by 72°C for 5 min and samples were held at 4°C. Amplification was 

confirmed via gel electrophoresis. 

 
PCR products were diluted 1:10 and indexes were added in a second PCR reaction with 

an indexed 805R primer. Cycle settings were as follows: 95°C for 3 min followed by 8 cycles of 

98°C (30 sec), 68°C (20 sec), 72°C (30 sec), then 72°C (5 min) and held at 4°C. All reactions 

were completed using Kapa HiFi Master Mix (Roche Molecular Systems), and all oligos were 

TruGrade Oligos from IDT. Primer sequences an optimized PCR reaction conditions provided by 

the Carbone Lab at NC State University. 

 
iSEQ NextGen Sequencing. The Illumina iSEQ 100 i1 Reagent cassette (v2) was left at room 

temperature to thaw for 8 hours prior to use. Nucleic acids were quantified using a Nanodrop 
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(ThermoScientific) and Synergy HTX Plate Reader (BioTek) with a Take3 Multi-Volume Plate 

adapter (BioTek). Averages of the concentrations were used to standardize the samples to 

combine samples in a 1:1 ratio so no sample was overrepresented. The combined sample was 

quantified again prior to sequencing using the Synergy HTX plate reader (BioTek). This sample 

was diluted 1:50, spiked with 10% phiX to introduce sequence diversity, and 20 µL was loaded 

at a final concentration of 150 pM. 

 

Analysis of Sequencing Results. Files resulting from the iSeq’s automatic demultiplexing 

(outputting a single file for each treatment which contained data for all five replicates) were 

further demultiplexed via Next Generation Multilocus Sequence Typing using DADA2 

(NGMLST) made available through North Carolina State University’s DeCIFR suite of tools 

(2014). Forward and reverse read files for each treatment were processed as non-overlapping 

paired end reads with the default settings, R plots were reviewed, and reads were trimmed 

according to quality. In this case reads were trimmed at position 125. The reverse files provided 

the best quality and were then processed through the DADA2 tool through DeCIFR as well with 

the following constraints: Error rate 0.1; maximum length 125, maximum error rate 2, discard 

reads less than 50. 

RESULTS 

 

Creation of artificial root/rhizosphere. To study the effect of root exudate treatments on 

rhizosphere community assembly, a small-scale artificial root system was developed. Such a 

system is necessary because by eliminating the plant, treatment solutions of collected and 

concentrated exudation are defined prior to use in the system via Liquid Chromatography 

tandem mass spectrometry (LCMS) rather than a system with a living organism that adjusts to 

shifts in the environment. Further, exudation at the root tip is concentrated, and due to the 
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collection of exudation in hydroponics, where the material is being diluted, to provide a 

sufficient concentration of exudates, exudate material collected from 4 L of hydroponic solution 

was concentrated 100 fold. Consequently, actual plant exudate material is extremely limited and 

precious, requiring a small-scale microcosm. 

 One issue to contend with is solubility of exudates. As the system relies on heavily 

concentrated exudation, some less soluble exudates require additional solvents (which need to 

be controlled for) or are incapable of being dissolved after lyophilization. As such currently the 

system is using only the exudates which are soluble in 90% water and 10% DMSO.  

 Additionally, exudates are collected from the entirety of the root, and are later being 

dispensed into the soil from the root tip. The root tip is in fact where the majority of exudation 

occurs form, but it is valuable to note this deviation from nature. 

 

Experiment 1. An artificial root was developed with glass capillary tubes, plugged with 2 mm of 

agar (7 g/L) to regulate flow of treatment solution (exudation) through the tube. This strategy was 

adapted from Falchini et al., (2003) who used a 20 x 68 mm cylinder of compressed soil and a 

damp cellulose filter paper to act as the “root” to analyze the hydrolase activity of microbes at 

different sampling depths. For our purposes, we altered the scale to an 8 x 20 mm soil core and a 

1- mm diameter root. This helped conserve artificial exudate material in the given experiment and 

allow the diffusion of treatment through the soil core as in the rhizosphere. 

 

The capillary tubes acting as roots were filled with treatment solution and plugged with 

agar (10 g/L) to regulate flow of treatment and were placed agar side down into the soil core. 

However, in this setup, the agar was easily dislodged, and concerns of that the agar negatively 

affected the treatment by absorbing the exudate solution and changing available concentrations 

of components, or by attracting soil borne agarlytic microbes. Acrylamide gel was attempted as 
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well but was prone to the same faults with flow. The glass tube “roots” lacked support and the 

varying angles at which they entered the soil also introduced an unacceptable level of variation in 

terms of a lack of uniformity from set up to set up. Further, as the volume of each treatment was 

60 µL, the threat of evaporation of the treatment over the course of the soil incubation could not 

be overlooked. 

 

16S rRNA community analysis of experiment 1. Data from the iSeq was demultiplexed, 

trimmed, and analyzed via DADA2 through the DeCIFR suite of tools. Figures were 

generated using Phyloseq through the DeCIFR platform. 

Experiment 1 treatments for analysis are listed in Table 2.2, with water acting as “bulk 

soil,” rich LB media acting as a nonspecific, high sugar substrate, and fraxetin spiked artificial 

exudates being the experimental treatment. First, trial one results for five biological replicates 

were plotted on a non-metric multidimensional scaling plot with 95% confidence ellipses (Figure 

2.2) to gauge the dissimilarity of all treatments involved. Water, time zero (pretreatment “bulk 

soil”), and LB media clustered tightly and were separated well. There was a wide range of 

dissimilarity among the iron minus exudate treatment with fraxetin. Though without the ability to 

compare to the artificial root exudate treatments, it cannot be determined to what extent this 

range of dissimilarity is due to the fraxetin vs the artificial exudate mixture. The treatment is well 

separated from the other treatments, implying that it is different from the controls and thus the 

bulk soil. 

In experiment 1 species richness decreased in the fraxetin spiked sample. This result is 

consistent with the rhizosphere effect, wherein plant exudation in the rhizosphere selects for a 

subset of microbes and therefore results in a decrease in microbial diversity. This data supports 

our hypothesis and suggests that the scale of the system succeeds at capturing the effect and that 

the system does show similarities to natural rhizospheres. 
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The class identifications for each treatment were normalized and plotted (Figure 2.4). 

There are differences in the normalized class plot for the treatments between the fraxetin and 

“bulk soil” controls. There is a strong dominance of Gammaproteobacteria, a decrease in 

Verrucomicrobiae, and a decrease in Actinobacteria which was also observed by Edwards et al. 

(2015). 

 

To support these results and aim for a more controlled system, a second experiment was 

conducted with increased concentrations of all treatments to account for the moisture in the soil 

diluting the treatments. The addition of another treatment iron minus exudate, tomatine, was 

included. 

It should be noted that difficulties with sequencing the artificial-root-exudate-only 

samples (Table 2.2; “artificial exudates”) led to their exclusion from the plots. Experiment 1 

artificial exudates treatments were filtered out in the process of analysis as there were too many 

mismatches in the sequences to be considered viable reads.  

 

Experiment 2. Capillary tube stability and concerns of the evaporation of exudate treatment 

solution were addressed by affixing a 6-8 mm length of capillary tube to a 1 mL syringe. Thus 

the “root” remained a closed system not subject to evaporation of treatment. The syringe was 

also used to allow for metered addition of treatment enabling the creation of a circadian rhythm, 

as it is known that plants commonly exude metabolites based on such patterns. The syringe root 

system further mimics an actual plant root by allowing the possibility for diffusion of 

metabolites across concentration gradients either into the “root” since it is known that plant roots 

can take up sugars and amino acids or into the “rhizosphere” as passive diffusion would occur in 

nature. By not providing a steady constant stream of exudate treatment, we hope to better 

reproduce the rhizosphere environment. While plants may passively release sugars and amino 
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acids, root exudates can follow a circadian rhythm similar to the timed depression system used 

here (Hubbard et al. 2017). Further, we hope to mimic a realistic time scale to allow for 

rhizosphere community selection and shifts between metered 20 µL “secretions.” 

 

16S rRNA community analysis of experiment 2. Experiment two treatments were 

concentrated to result in the concentrations listed in Table 2.2. Separation of treatments in the 

Bray NMDS plot showed high dissimilarity of time zero pretreatment soil communities and LB 

media from other treatments (Figure 2.5). The minus iron exudate compound treatments 

tomatine and fraxetin overlapped heavily, showing similarity between the two treatments which 

is a logical result, as both compounds are exuded under the same stress and may select for 

similar organisms in the rhizosphere. Interestingly, the water treatment clusters near the induced 

exudate experimental treatments, and the 95% confidence ellipse overlaps with the experimental 

treatment. 

 

A reduction in species richness was observed for the iron minus exudate (fraxetin and 

tomatine) treatments (Figure 2.6). However, the opposite of the previous result with rich LB 

medium was observed after the concentration of the treatment was increased. The LB medium 

was expected to act as a non-selective nutritive treatment. Thus, the decrease in diversity 

observed was contrary to expectation and it is worthwhile to repeat this experiment with a range 

of concentrations to discern if the nutritive medium does select for microbes in a concentration 

dependent manner. The other controls utilized, the water and time zero samples, were consistent 

between trials and the induced exudate treatments behaved similarly from experiment to 

experiment. In the case of the “bulk soil” controls (water and time zero) as well as the induced 

exudation treatment, this system yields reproducible results. 

Experiment 2 artificial exudates could not be recovered from the iSeq following routine 

instrument demultiplexing either due to poor quality or otherwise an unfixable error in the 
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software of the iSeq. This occurred due to an error that resulted in the irreversible loss of all 

sequences tagged with this barcode. 

Discussion. In both experiments, species richness decreased compared to bulk soil as expected of 

a rhizosphere (Micallef et al. 2009; Edwards et al. 2015; Zhalnina et al. 2018; Canarini et al. 

2019; Liu et al. 2019). This result was in agreement with the hypothesis that the rhizosphere 

effect will be observed resulting in reduced community diversity in favor of strong growth of 

select community members. Community analysis of 16S rRNA of experiment one showed 

enrichment of Proteobacteria as hypothesized and previously demonstrated by Zhalnina et al. 

(2018) as well as Edwards et al. (2015). Further, a decrease in Actinobacteria was also observed, 

also supporting the hypothesis that iron stress exudates can select broadly against this class 

(Figure 2.4). There was, however, limited data regarding Firmicutes from our 16S sequencing. 

More experimentation is required to address this class of bacteria. Interestingly, in experiment 

one we also observed a decrease in Verrucomicrobiae in our “iron exudation” rhizosphere 

samples which was also shown by Edwards et al. (2015) in rice. This result being shown in our 

artificial tomato rhizosphere may be due to a broad applicability of the findings across land 

plants from rice as predicted by Edwards et al. (2015).  

Conclusions and future directions. The system is successful in providing an environment that 

mimics the rhizosphere based on 16S rRNA sequencing data of two experiments comparing soil 

incubations of bulk soil and mock root exudation spiked with tomato induced exudate treatments. 

This system may to be suitable for studying root exudation in the rhizosphere and yields well 

clustered data for treatments and should be considered for future experiments to address the 

question of which, between soils’ accessible iron content and iron limitation induced exudation. 

 

For future studies I recommend incorporating double the replicates for qPCR absolute 

quantification of microbes. This will be beneficial for providing a more specific breakdown of the 
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quantity of organisms present in all treatments. Additionally, broadening the sequencing data to 

fungal ITS would be better for a fuller view of the communities. Future experiments could be 

supplemented by culturing of microbes and functional assays to determine how soil services in 

terms of different microbial metabolisms present are altered by root exudate and/or soil 

treatments. 
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FIGURES 
 

 
 

Figure 2.1: Instructional schematics for artificial rhizosphere preparation (A) 1 mL pipette tips 

were cut to fit into 1 mL microcentrifuge tubes. (B) Glass tubes were broken and sanded down 

to 6-7mm by hand with sandpaper before gluing carefully to the very tip of the syringe. (C) A 

syringe cut blunt was used to stamp treatment soil and eject into the “rhizosphere container” to 

create a more uniform soil environment to limit variation. (D) completed set up. 
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Table 2.1: Artificial root exudate components for a 1X solution. As used by Griffiths et al. (1998) 

and Joner et al. (2002). 
 
 



33  

Table 2.2: Summary of experimental treatments. 

Soil 

type 

Treatment Solvent concentration Experiment 

-Fe Time Zero n/a 1 

-Fe Water + 0.1% DMSO 0.1% 1 

-Fe 1/10x artificial exudates 0.1% 1 

-Fe 200 µM Fraxetin 0.1% 1 

-Fe 1/10x LB 0.1% 1 

-Fe Time Zero n/a 2 

-Fe Water 0.5% DMSO 0.5% 2 

-Fe 2.6x artificial exudates  0.5% 2 

-Fe 1mM Fraxetin  0.5% 2 

-Fe 1mM Tomatine 0.5% 2 

-Fe 2.6x LB Media  0.5% 2 
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Figure 2.2: Experiment 1 Bray non-metric multidimensional ordination plot with 95% 

confidence ellipses for fraxetin (1mM) spiked artificial root exudates, rich nutrient liquid broth 

medium, time zero (representing bulk soil), and water (n=5).  
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Figure 2.3: Richness plots for experiment 1 from the Phyloseq software. Sample richness after 

10 day soil incubations. 
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Figure 2.4: Normalized bar plots of relative abundance of bacterial classes for experiment 1 

sequencing data. 
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Figure 2.5: Experiment 2 Bray non-metric multidimensional ordination plot with 95% 

confidence ellipses for fraxetin (1mM) spiked artificial root exudates, rich LB media, time zero 

(representing bulk soil), and water (n=5). 
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Figure 2.6: Richness plots for experiment 2 from the Phyloseq software. Sample richness after 

10 day soil incubations demonstrate the rhizosphere effect as there is a decrease in diversity in 

both the root exudate samples (tomatine and fraxetin spiked artificial root exudates) (n=5).  
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CHAPTER III 

Proposed Applications 

Soil Community Shifts Under Warming Soil Environments. Climates are shifting globally 

with predictions of the mean global temperature to increase nearly 2 degrees Celsius by 2050 

(Calleja-Cabrera et al. 2020). With these changes come climate variability which in many areas 

of local agricultural importance, means risk of food shortage and increased poverty (Chauhan et 

al. 2014). Increased soil temperatures can alter abiotic soil health factors such as nutrient 

cycling and soil moisture content leading to marked shifts in the rhizosphere (Brouder and 

Volenec 2008). Increased temperatures can also increase microbial enzymatic activity 

(Shindlebacher et al. 2011; Freida et al. 2017) and therefore have strong effects on the 

community services available to plants. The current state of agriculture relies heavily on the 

knowledge we have on how to provide for the needs of crop plants as current climate stands 

(Zorner et al. 2018; Calleja-Cabrera et al. 2020). 

While some large-scale experiments have been done in fields to study the effects of 

nutrient cycling, there is still much to learn about how these temperature changes will affect the 

rhizosphere community members’ relative abundance and activity specifically (Shindlbacher et 

al. 2011). Additionally, in metadata studies assessing factors contributing to microbial health 

and diversity, soil pH and soil structure accounted for the most variability (Zorner et al. 2018;). 

Soil temperature studies in the field require the placement of heating elements in the soil which 

alters cluster formation, leading to skewing of data, or a multiple year delay in experimental 

viability (Bradford et al. 2008). Further, much of the work focused on carbon sequestration on 

the whole, including the bulk soil (Freida et al. 2017). While much insight has been gained 

through predictive modelling based on these field studies, creating experimental conditions 

targeting the rhizosphere to test and challenge these models could help inform the story they tell 
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about our global agricultural future. This system presents an opportunity to explore the effects 

of these factors on a specific soil zone of interest, the rhizosphere, while small enough to be 

heated externally, making soil structure disruption a nonconcern. Additionally, experiments 

could be repeated in bulk with hydroponically collected exudation of multiple crops.  

Besides being a scale that allows for further control of important variables, this system 

can be used as a method for routine culturing of microbes enriched in a simulated rhizosphere. 

A study done by Schinlbacher et al. (2011) found that rather than biomass and relative 

abundance of microbes in warmed forest systems, metabolic activity of microbes increased. 

Using this system in part to culture and observe functional and metabolic soil services changing 

in the soil could be beneficial in gathering knowledge that informs potential biofertilizer 

strategies for crop plants. Understanding how these communities shift both genetically and 

functionally may also help predict changes in disease suppressive microbes with metabolisms 

equipped with  limiting microbial competition through antimicrobial compounds. The 

information gained from this view can help put together a better picture of the changes that we 

face agriculturally in a changing world.  

Soil Community Shifts Under Changing Atmospheric Conditions. The changing levels of 

greenhouse gases and an overall trend of increasing cardon dioxide in the atmosphere have been 

steadily affecting plant and crop health and growth (Brouder and Volenec 2008; Casalegno 

2011; Chauhan et al. 2014). Increasing carbon dioxide drives increased rates of photosynthesis 

of plants – particularly C3 photosynthesizers which account for some vital staple crops 

(Casalegno 2011). This has raised concern for the nutritive value of crops under high CO2 

conditions such that their growth is expedited at the cost of nutrient acquisition rates, thereby 

decreasing the nutritive quality expected of economically valuable foodstuffs (Myers et al. 

2014;). Reduced uptake of metals important for human and animal diets are expected to be 
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exacerbated by more extreme temperatures and elevated CO2 (Madek et al. 2017; Ebi and 

Loladze 2019). Exposure of vital staple crops like rice and several grain crops to increased 

atmospheric carbon dioxide resulted in marked decreases in protein content putting millions of 

people worldwide at further risk of nutritional deficiencies (Madek et al. 2017). 

Increasing atmospheric CO2 also affects microbial communities in soil by decreasing 

carbon sequestration and, according to a meta-analysis, even shifting communities from k to r 

strategists, effectively increasing organism turnover due to shorter lifespans (Sun et al. 2021). 

Use of this system could help demonstrate this effect in microcosms using field soil as well as 

identify other interesting attributes and metabolic functions the microbial community offers. By 

using this artificial rhizosphere system under different atmospheric conditions and using 

exudation from plants grown under varying CO2 levels, we can gain more insight as to the level 

of control plant exudation exerts over its environment and the attributes related to the resulting 

community.  

Rhizospheric Chemotaxis. Besides broadening our understanding of the balance between 

major community assembly regulating forces (abiotic soil factors vs stress induced exudation), 

this artificial rhizosphere set up has potential applications in standardizing a process for 

identifying key beneficial organisms in the rhizosphere. By artificially enriching and selecting 

for microbes with plant stress exudation and being able to efficiently separate soil from 

treatment, this system can help standardize culturing for functional soil service analyses. The 

artificial rhizosphere paired with field soil and stress exudation could lead to the enrichment of 

functionally interesting soil isolates that may be beneficial for mitigating environmental stresses 

and thus be useful in sustainable agriculture. 

This system could also be adapted to study early infection in soil borne plant pathogens. The 

artificial rhizosphere could be adapted for use as a more field-realistic chemotaxis assay by 
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adding a microbial/pathogen suspension in the microcentrifuge tube and dispensing metered 

amounts of exudate treatment, incubating, and culturing the remaining treatment in the “root 

tip” glass capillary tube. For pathogens like Ralstonia solanacearum for which little is known 

about early infection, this system could potentially fill in some gaps in our understanding of pre-

infection. This could also be a next step to prove other chemotaxis assays done in more 

simplified, standard conditions, are valid in a more realistic setting. 
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