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ABSTRACT 
 

 Plant root interactions with biotic and abiotic environmental stressors affect 

numerous aspects of human and environmental health. Plant root border cells comprise a 

dynamic barrier that mediates harmful effects to the plant by protecting vulnerable root 

tips from injury and infection and thereby facilitating plant growth and development. 

Recent studies have revealed that, as in animals, extracellular DNA (exDNA) trapping 

plays a central role in defense, but the mechanism remains poorly understood. Upon 

immersion in water, border cells and the associated exDNA mucilage structures rapidly 

disperse and are primed for function in defense of the root tip. The goal of this research 

was to utilize lead (Pb) as a model to examine the hypothesis that border cells function to 

protect plant health by utilizing exDNA-based defense mechanisms against biotic and 

abiotic threats. 

 

 The experimental approaches were (1) to detect and study the role of exDNA in the 

response of border cells to pathogenic microbes; (2) to analyze the interactions of lead 

(Pb) with border cells; and (3) to explore the role of exDNA in Pb trapping by using 

various nucleases and a Pb-specific stain. The results revealed that exDNA is present in a 

matrix surrounding root border cells. The central role of the matrix in defense against 

pathogens and toxic metals was revealed by the discovery that its degradation by nuclease 

eliminates resistance of the root tip to infection and injury. Border cell exDNA traps 

immobilized phytopathogenic bacteria Ralstonia solanacearum, which were then 
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dispersed upon treatment with a nuclease. This indicates that the trapping mechanism is 

exDNA-based and an important defense function of border cells. To test its role in 

defense against abiotic stressors, we investigated the interactions of border cells and Pb. 

The ability of border cells to remove large amounts of Pb from solution was demonstrated 

by ICP-MS analysis. Up to 20% of the Pb in a 1 mM solution was removed by the border 

cells of one corn root during one hour incubation. This relatively large trapping capacity 

could be of use in phytoremediation efforts.  

 

 To further examine the interactions of Pb with border cells, a rapid and sensitive 

Pb staining protocol was developed. Rhodizonic acid is a chromogenic stain which, under 

certain chemical conditions, changes color from pale yellow to dark red. This stain was 

used to characterize Pb-border cell interactions, as well as the effect of various nucleases 

on Pb trapping. The addition of nucleases resulted in reduced Pb trapping and staining, 

much like previous studies demonstrating reduced microbial trapping after nuclease 

treatment. These combined results indicate that exDNA is a key component of border cell 

defense from both biotic and abiotic threats. Nuclease degradation of border cell exDNA 

results in reduced microbial trapping, reduced Pb trapping, increased damage to root 

tips, and cessation of root growth. These new insights reveal nuclease-exDNA 

interactions as a critical target for improving crop health and production using nontoxic 

management of soilborne pathogens and pollutants.  
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I INTRODUCTION 
 

I.1 Context of research 
 

The world’s population and food needs are growing while simultaneously being 

threatened by increasing environmental contamination; global food security and 

environmental health are inextricably linked (Clemens & Ma, 2016). As the human 

species reproduces and continues to propagate, it will require more food produced on 

decreasingly available arable land, which is itself becoming increasingly contaminated. 

How will humans cope with a polluted environment that is needed for agriculture, 

without contaminating both the crop and our own bodies? Conventional approaches to 

meet these needs are expensive and impractical at scale, thus the development of low-

cost/input/time solutions is an imperative if we want to reduce environmental pollution 

and human exposure to toxins (Pilon-Smits, 2005). Phytoremediation, in which plant 

uptake is used to remove toxins from the environment, is one potential tool to combat 

these threats (Kersten et al., 2017). However, it has not been highly successful because 

plants have developed adaptations for protection and have different reactions under 

similar environmental conditions (Kersten et al., 2017). Some plants block uptake of 

metals and some plants uptake metals only into their roots, or distribute them to their 

various tissues (Kersten et al., 2017).  
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One mechanism by which plants protect themselves from biotic and abiotic 

threats in the soil is through root cap border cells. Border cells are populations of 

individual living plant cells that protect the vulnerable root tip from harm (Hawes et al., 

2016b). As roots penetrate the soil environment root cap border cells separate from the 

root tip and rapidly disperse in the presence of free water (Hawes et al., 1998). Emerging 

studies have revealed that root border cells respond dynamically to environmental threats 

and positively influence plant survivability. With a growing need for improving food 

security and environmental health, root border cells are a largely unexplored resource 

that may yield insights into facing these problems. 
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I.2 Literature review 

I.2.1 Border cells 
 

Root border cells are viable plant cells programmed to disperse from the root tip in 

the presence of free water (Hawes et al., 2000). Root tips (region containing root cap and 

apical meristem) of most land plants synthesize border cells (Hawes, 1992), which are 

attached to the tip by water soluble polysaccharide mucilage. Upon hydration, this 

mucilage rapidly absorbs up to 1,000 times its weight in water (Guinel & McCully, 1986) 

and expands, pushing the embedded border cells into suspension. Border cells originate 

from meristematic cells in the root cap, which produce cell layers that progressively 

differentiate until they finally separate from the root cap periphery as border cells (Guinel 

& McCully, 1987). On its journey from meristem cell to border cell, several cell stages are 

achieved (Figure 1) and serve purposes such as mucilage excretion, gravity sensing, and 

environmental sensing and signaling (Brigham et al., 1995a).  
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Figure 1. Structured tiers and cellular functions of the root cap (from Barlow, 1975). 

 

Once detached from the root tip, border cells can remain viable for weeks in 

culture (Knudson, 1919) and divide and form organized tissues (Hawes & Pueppke, 1986). 

Within 5 minutes of immersion into water, increased mitosis is evident within the root 

cap meristem as border cell synthesis is initiated (Brigham et al., 1995b). Border cell-

specific gene expression changes after separation from the root tip and produces distinct 

genetic and metabolic profiles compared to the progenitor root cap cells (Brigham et al., 

1995b). Border cell-specific extracellular metabolites, which modulate microbial 
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interactions with the root, include antibiotics, enzymes, Rhizobium-induced peroxidases, 

and anthocyanins (Nicoll et al., 1995; Brigham et al., 1999; Cook et al., 1995). Border cells 

were originally documented and dismissed as sloughed off waste, a mere byproduct of 

root tip mucilage production whose sole purpose was hydraulic lubrication for soil 

penetration (Bengough & McKenzie, 1997). Upon discovery of their unique properties, the 

term ‘border cell’ was introduced to emphasize their role as a distinctive functional 

boundary interface between the root and soil (Hawes & Lin, 1990). 

 

Historical lack of interest in ‘sloughed root cap cell’ function has largely remained 

to the present, with the exception of Knudson (1919) who documented that the detached 

cells remain viable for months after separation from the root. It is understandable that 

border cells would be so easily overlooked, given their close association with excreted 

mucilage. Additionally, border cells disperse readily when exposed to free water, so any 

experiments involving root washing immediately result in removal of evidence of their 

presence. In the absence of free water, even at 99% humidity, border cells remain tightly 

appressed to the root surface and are difficult to distinguish from the root itself without 

high resolution imaging like scanning electron microscopy (Figure 2). These factors have 

contributed to a long history of border cells being overlooked and overshadowed by 

larger more obvious functions and structures of root systems.  
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Figure 2. Root tips and border cells. (A) Root tip in dry conditions visualized with a 
stereoscope. (B). Visualization of border cells attached to root tip in dry conditions with 
scanning electron microscopy (From Hawes and Brigham, 1992; photo by Perkins S., 
Calvert H.E., and Bauer W.D.). (C) Detached border cells from root tip in the presence of 
free water, visualized with a stereoscope. Magnification A,C 10x; B 20x. (From Hawes et 
al., 2003). 

 

Border cell production is mostly conserved at the family level, though variation 

between cultivars can occur with wildly differing population counts (Table 1) (Hawes et 

al., 2003; Curlango-Rivera et al., 2013). Border cells are produced at the apical meristems 

of tap roots, lateral roots, and branch roots (Hamamoto et al., 2006); complex root 

systems with many branches would produce perhaps millions of border cells daily. It was 

previously assumed that border cell production was constitutive, though it is now known 

that the process is tightly regulated and controlled by internal and environmental 

signaling (Brigham et al., 1998). A full set of border cells is produced on freshly 

germinated radicles within 24 hours of emergence. Once the border cells accumulate on  
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Table 1. Variation in border cell numbers and viability among plant species (from Hawes 
et al., 2003) 
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the root cap, they release specific root cap meristem mitosis inhibitors, which do not 

affect mitosis in the adjacent tissues responsible for root growth and elongation. At this 

threshold, further border cell production is halted and the border cells remain appressed 

to the root periphery until contact with a drop of water occurs (Brigham et al., 1998). The 

mitotic inhibitor is thereby diluted and cell division within the root cap meristem 

resumes. An entire new set of border cells can be produced within 24 hours and the 

process is again inhibited until the root is exposed to free water (Brigham et al., 1998).  

 

Under controlled laboratory conditions the production and removal of border cells 

from the root tip is clear and straightforward, though unfortunately those same 

developments in a soil environment are much more difficult to observe. While exploring 

these limitations, the Hawes lab discovered many remarkable border cell properties that 

were previously unknown and unreported, leading to introduction of the term ‘border 

cell’ to emphasize the distinct nature of the cell populations. Border cells were originally 

thought to serve solely as hydraulic lubrication for root penetration of the soil, but that 

idea is not supported experimentally because roots continue to penetrate soil when 

border cell production is stopped, and some plants including Brassicaceae produce no 

border cells at all and are still able to penetrate soil (Niemira et al., 1986). Border cells are 

now known to protect the sensitive root tip from microbes in a host-specific manner by: 

attracting and immobilizing pathogenic zoospores, creating complex defensive mucilage 

structure in response to fungal invasion, attracting/repelling/binding pathogenic bacteria, 
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and inducing growth and specific gene expression of beneficial symbiotic bacteria 

(Hawes, 1990).  

 

In addition to host-specific regulation of microbes, border cells also regulate metal 

and heavy metal interactions (Miyasaka & Hawes, 2001). Preliminary studies treating 

snapbean roots with aluminum resulted in cultivar-specific defense responses from the 

border cells; border cells of metal-resistant cultivars exhibit increased resistance to 

damage compared to metal-sensitive cultivars (Miyasaka & Hawes, 2001). Recent 

experiments have shown that various metal solutions induce dissimilar trapping and 

uptake reactions among several agriculturally significant crop plants, suggesting that 

border cells mediate metal-induced damage to the plant. These initial results led us to 

examine the trapping capacity and host specificity of corn, pea, and cotton plants with 

several environmentally relevant toxic heavy metals. 

 

Plant root mucilage contains many different types of acids, proteins, and 

polysaccharides which all have varying affinities for soil compounds. For example, Morel 

et al. (1987) found that the hydroxyl and amino acid groups in corn mucilage contributed 

to its Pb binding capacity. As soil conditions change, plant roots actively adapt by altering 

mucilage properties and thus the soil properties. The relationship between soil-root-

microbe is complex and very few standardized generalizations can be made. For example, 

uptake of heavy metals into corn root tissues depends on plant growth conditions, the 
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presence and type of mycorrhizal fungus association, and the type of metal 

(Weissenhorn, 1995). Root exudates not only alter environmental conditions, but also 

shift the microbial communities in the rhizosphere (Hawes & Brigham, 1992). One aspect 

of the rhizosphere that has historically been ignored as nothing more than wasted carbon 

and sloughed off dead cells is the main focus of the present study: root cap border cells. 

As established earlier, border cells are now known to be instrumental in shaping plant 

interactions with both beneficial and pathogenic microbes. Border cells and the 

associated mucilage also interact with heavy metals, so the metal-soil-root-microbe 

interactions depend heavily on the presence and extent of border cells. 

 

Root border cells separate from plant root tips and disperse into the soil 

environment. In most species, each root tip can produce thousands of metabolically 

active cells daily with specialized patterns of gene expression. Their function has been an 

enduring mystery. Recent studies suggest that border cells operate in a manner similar to 

mammalian neutrophils: both cell types export a complex of exDNA and antimicrobial 

proteins that neutralize threats by trapping pathogens, thereby preventing invasion of 

host tissues (Brinkmann et al., 2004). exDNases of pathogens promote virulence and 

systemic spread of the microbes. In plants, adding DNase 1 to root tips eliminates border 

cell extracellular traps and abolishes root tip resistance to infection. Mutation of genes 

encoding exDNase activity in phytopathogenic bacteria (Ralstonia solanacearum) and 
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fungi (Cochliobolous heterostrophus) results in reduced virulence. The study of exDNase 

activities in plant pathogens may yield new targets for disease control. 

 

I.2.2 Environmental heavy metal contamination 

 

Food security and the public health threat of soil heavy metal pollution are 

environmental issues worldwide (Hu et al., 2017). Environmental contamination by heavy 

metals is a concern as they tend to accumulate in soil, crop plants, aquatic systems, and 

are toxic to both plants and animals (Fischer et al., 2014). Globally, approximately 500 

million hectares of land are contaminated by one or more heavy metals at levels above 

the naturally occurring concentrations (Liu et al., 2018). The worldwide economic 

detriment of heavy metal soil pollution is estimated to be over $10 billion per year (He et 

al., 2015).  

 

Although heavy metals occur naturally in the environment, their concentrations 

are particularly increased by anthropogenic activities such as battery manufacturing, 

metal mining and smelting, waste disposal, and combustion vehicle exhaust. (Clemens & 

Ma, 2016). Rapidly developing nations, like China, experience widespread pollution due 

in part to recent urban and industrial expansion (Hu et al., 2014), and of the globally 

heavy metal contaminated land area of approximately 500 million hectares, China holds 

over 80 million hectares of that contaminated land (He et al., 2015). Heavy metal 
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pollution exists in major, population dense Chinese cities as well as about 19% of all 

arable Chinese soils (Takahashi, 2016; Duan et al., 2016). Every year in China up to one 

million tons of grain are contaminated due to crop irrigation with industrial waste (He et 

al., 2015). The distribution and magnitude of heavy metal pollution puts many people and 

ecosystems at risk, especially in Europe and Asia, where very old and population dense 

cities have been industrialized (Weissmannova & Pavlosky, 2017). 

 

Heavy metals are chemically defined as metals with an atomic mass over 20 and 

having a specific density greater than 5 g/cm3 (Jarup, 2003). Elements such as lead (Pb), 

arsenic (As), cadmium (Cd), zinc (Zn), chromium (Cr), nickel (Ni), and copper (Cu) fall 

within this category and have deleterious biological effects in both plants and animals, 

even in very low concentrations (Rascio & Navariizzo, 2011). The rapid development of 

industry and agriculture, as well as land use change/disturbance, has led to heavy metal 

contamination of the environment and food systems (Sarwar et al., 2016). Heavy metal 

pollution threatens human health by accumulating in the food chain and degrading the 

atmosphere, as well as water, soil, and food resources (Kankia & Abdulhamid, 2014). 

Countries like China, with large populations of low-income individuals, face increased 

risk of exposure to heavy metal contaminated environments and food (Takahashi, 2016). 

 

 Heavy metals have both natural and anthropogenic sources for entering 

agriculturally relevant ecosystems, however, the natural distribution and concentration of 
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heavy metals is less impactful than anthropogenic activities, which increase 

concentrations beyond what occurs naturally (Dixit et al., 2015). In general, heavy metals 

in natural (unpolluted) soil are the weathering products of parent rock material. The 

Earth’s crust is approximately 95% igneous rock and 5% sedimentary rock (Sarwar et al., 

2016); heavy metals such as Cd, Cu, and Ni generally originate in basaltic igneous rock, 

while Pb, Zn, and manganese (Mn) originate in shales (Ozbek et al., 2014). Natural 

weathering processes such as erosion, leaching, and aeolian transfer contribute to 

environmental distribution of heavy metals from parent rocks. The San Joaquin Valley of 

California, for example, has toxic selenium (Se) in abundance due to natural geologic 

sources (Presser et al., 1994). 

 

Despite geochemical sources and cycling of heavy metals into the environment, 

anthropogenic activities such as mining, smelting, waste disposal, pesticide and fertilizer 

application have released 783,000 metric tons (t) of Pb, 22,000 t of Cd, and 939,000 t of 

Cu worldwide over the last 50 years (Singh et al., 2003). Naturally occurring Pb in the 

environment has low solubility at pH above 5 and is usually in an inorganic form, making 

it highly persistent; in soils Pb tends to sorb to and form highly stable complexes with 

chlorides, chlorates, oxides, sulfides, and acetates (McBride, 1994). The massive 

environmental contamination of heavy metals worldwide has led to adverse agriculture 

and human health outcomes which need to be addressed. Plants are the interface 
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between environmental health and human health, and are a convenient and useful tool 

for examining heavy metals. 

 

 

I.2.3 Effects of heavy metals on plants and animals 

 

Heavy metal contamination of environmental and arable land results in negative 

outcomes for both plants and humans. Pb is a common and harmful environmental 

contaminant which can stunt/kill plants, enter plant tissues, and then transfer to humans 

through ingestion of those tissues. Land plants grown in Pb-contaminated soil suffer from 

reductions in productivity, growth, and photosynthetic efficiency (Zha et al., 2017). 

Photosynthesis, the energy absorption and transduction process in most plants, is driven 

by the molecule chlorophyll; Pb disrupts chlorophyll function and causes leaf chlorosis 

and photosynthesis dysfunction (Rai et al., 2016).  

 

Pb is ranked in the top five most toxic heavy metals; in humans, and especially 

children, it can cause behavioral and neurological disorders, decreased intelligence, 

encephalopathy, hypertension, and kidney disease (Kersten et al., 2017). Pb can disrupt 

the nervous, endocrine, skeletal, circulatory, and immune systems in humans (Kankia & 

Abdulhamid, 2014). The mechanisms of Pb toxicity include binding to and disruption of 

biomolecules like enzymes, DNA, amino acids, RNA, and reactive oxygen species (ROS). 
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Oxidative stress is induced by ROS interference with membrane lipids, causing lipid 

peroxidation, which leads to disruption of metabolic activities in cells (Choudhury et al., 

2016; Hu et al., 2016). Heavy metals each have unique harmful effects on human health 

and ingestion of heavy metal contaminated foods can result in multiple preventable 

diseases. Cd is responsible for many cancers, heart attack, artery disease, hypertension, 

and diabetic nephropathy (Ghosh & Indra, 2018). Arsenic can cause hypertension, 

disruption of neurological functioning, pregnancy issues, and skin lesions (Rahman et al., 

2009). Prevention of heavy metal-induced disease is an imperative, especially considering 

how many people live on and ingest food from contaminated environments.  

 

I.2.4 Phytoremediation of heavy metals 

 

The use of plants to accumulate and remove heavy metals (or any toxic substance) 

from a contaminated site is called phytoremediation (Pilon-Smits, 2005). Plants have the 

capacity to accumulate, immobilize, or store heavy metals in and around their tissues, 

making them a low-cost and eco-friendly option for remediation of polluted 

environments, though obstacles remain which impede their application in this function. 

Most of the Brassicaceae plant species are both tolerant to heavy metals and accumulate 

them in their tissues (Salt et al., 1995). Interestingly, the Brassicas produce no true root 

cap border cells, which are hypothesized to have protective effects against soil-borne 

pathogens as well as inducing beneficial microbial associations (Niemira et al., 1996). 
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Legumes, which do produce border cells, exhibit reduced uptake of heavy metals 

compared with Brassicas, indicating that the presence of border cells affects the uptake 

and/or transport of heavy metals into the plant tissues (Hawes et al., 2016). Cabbage 

(Brassica rapa L.), which does not produce true border cells, holds high potential for 

phytoremediation because this plant species accumulates heavy metals in high 

concentrations without toxic effects (Shen et al., 2002).  

 

Given the widespread distribution and magnitude of heavy metal soil 

contamination, a low-cost/input method for remediation is called for; remediation 

approaches can take place at the original site, in situ, or by removal of the contaminated 

soil elsewhere, ex situ (Gomes et al., 2013). In situ remediation has numerous economic, 

technical, and environmental advantages because it is faster and cheaper to treat a 

contaminated environment in place, instead of transporting it elsewhere for treatment 

(Song et al., 2017). Every contaminated site has unique parameters and requires 

consideration of the pollutant type, physical-chemical site properties, and fate of the 

contaminated soil (Mulligan et al., 2001). These natural variations mean that 

phytoremediation is not a ‘one size fits all’ solution in the remediation of a contaminated 

site. 

 

 Bioremediation uses the physiochemical mechanisms inherent in plants and 

microbes to remove, degrade, immobilize, or concentrate the pollutant of interest 
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(Ayangbenro & Babalola, 2017). Compared to chemical and physical remediation 

approaches (air-sparge, flushing, pump-and-treat), bioremediation is cost-effective and 

low-impact environmentally (Ojuederie & Babalola, 2017). Phytoremediation uses specific 

plants to reduce pollutants in the environment (Ali et al., 2013). Pollutants that occur in 

or at the plant root zone have the most suitability for effective phytoremediation 

(Chibuike & Obiora, 2014), meaning that contaminants deeper in the soil profile would 

not be effectively remediated by plants. Plants can interact with and alter soil pollutants 

through processes such as phytostabilization and phytoextraction (Kong & Glick, 2017). 

Phytostabilization reduces the bioavailability and mobility of environmental 

contaminants (Radziemska et al., 2018), while phytoextraction results in the pollutant 

taken up into the plant tissues, which can then be removed and processed (Bhargava et 

al., 2012). The best plants for phytoremediation grow quickly, have dense root systems, 

produce high biomass, are tolerant to high metal concentrations, and can accumulate 

metals in their tissues (Jabeen & Iqbal, 2009). These plants which accumulate and 

concentrate metals in their tissues are known as hyperaccumulators (Brooks et al., 1997). 

 

 The most commonly used heavy metal hyperaccumulating plants are in the 

families Brassicaceae, Asteraceae, and several others (Ashraf et al., 2017). The 

Brassicaceae family contains the most extreme hyperaccumulator, Noccaea caerulescens. 

Cd and Zn concentrations of 10,000 and 4,000 mg/kg, respectively, have been found in 

N. caerulescens tissues with no adverse effects (Milner et al., 2014; Asad et al., 2013; 
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Diatta, 2013), demonstrating a stunningly high concentration of otherwise toxic metals. 

Many plants are capable of heavy metal hyperaccumulation, though the practical field 

application is limited by many of these plants growing slowly and developing little 

biomass (Rajkumar et al., 2009). This limited field application of phytoremediation is 

compounded by the innate defense system present in most land plants: root border cells. 

 

I.2.5 Extracellular DNA trapping and nuclease effects 

 

 Most plants grow in a complex and dynamic nutrient and microbial matrix 

composed of solids, liquids, and gases, otherwise known as soil. As the root grows and 

moves into new spaces in the soil, its exudates stimulate microbial activity. Both 

beneficial and pathogenic microbes are stimulated, and thus an all-encompassing barrier 

system is needed by the plant roots to both establish beneficial microbial relationships 

and inhibit pathogens (Bakker et al., 2013). This system comprises root cap border cells 

and the corresponding mucilage, which actively expands and disperses when exposed to 

pure water. Recent experiments aimed at isolating the variables affecting border cell 

dispersal and Pb interactions have revealed a potentially new understanding of the 

complex dynamics at play underground.  

 

 Previous work has shown that extracellular DNA (exDNA) is a component of 

border cell mucilage. exDNA in mucilage is involved in the trapping of pathogenic 
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microbes, and when degraded with a nuclease, pathogen trapping is inhibited. This 

exDNA defense pathway is a crucial component of plant defense, especially when young 

sensitive roots are first exploring a new soil environment. Degradation of border cell 

mucilage exDNA results in increased pathogen infection because the defensive trapping 

activity is disrupted. This same exDNA trapping pathway is present in root defenses 

against abiotic stressors like heavy metals. Removal of border cells immediately prior to 

Pb exposure stunts plant growth; application of a nuclease to root tips immediately prior 

to Pb exposure results in stunted growth as well. In Brassica juncea, a plant which 

produces no true border cells, Pb from soil is taken up into the root tissues and has the 

highest concentration at the root cap (Meyers et al., 2008). The interactions between 

border cells, phytopathogens, and heavy metals are all mediated by the presence of 

exDNA, the enzymatic cleavage of which abolishes trapping and defense capacity (Hawes 

et al., 2016b). The importance of exDNA as a plant defense mechanism has not been fully 

elucidated, thus my current research. 

 

Border cells are programmed to function in defense of the root tip by a recently 

described process termed neutrophil extracellular trapping (NETs) (Brinkmann et al., 

2004). This trapping process requires exDNA, the enzymatic cleavage of which abolishes 

trapping efficacy and allows the stressor, be it biotic or abiotic, to negatively affect the 

plant root (Hawes et al., 2016b). Interestingly, this exDNA-based trapping process was 

first described in mammalian immune systems and implies a functional parallel between 
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plant and human immunity (Brinkmann et al., 2004). Despite centuries of 

botanical/phytopathogenic/microscopic study of plants, border cells and their role in 

plant defense have remained obscure (Knudson, 1919). Plants and their associated 

microbes have been engaging in an escalating arms race since the first microbe infected 

the first plant roughly half a billion years ago (Remy et al., 1994). One mechanism, 

utilizing the fundamental chemical blueprint of life, has come to the forefront of plant 

and mammalian pathology: exDNA as a host defense mechanism, and the concomitant 

pathogen nuclease (Park et al., 2019). 

 

It was recently established that nuclease expression is a virulence factor in plant 

pathogens (Tran et al., 2016; Park et al., 2019). The ability of microbes to break down the 

protective, net-like exDNA structures produced by plants/animals results in increased 

pathogenicity (Park et al., 2019). For example, root border cells produce exDNA for 

protection from microbial pathogens such as the fungi Nectria haematococca and 

Cochliobolus heterostrophus, which produce nucleases that allow them to bypass their 

host’s defenses. Knockout of the genes encoding these nucleases results in dramatically 

reduced virulence, indicating that plant hosts and microbial pathogens interact through 

this exDNA-nuclease system (Hawes et al., 2016a). 

 

Recent studies have established that border cells have the capacity to trap and 

bind the toxic metals Pb, Al, and Cd (Hawes et al., 2016b; Huskey et al., 2018). This 
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binding mechanism can potentially be used to remove metals from the environment 

through low-cost/low-input methods in situations where conventional remediation 

techniques would otherwise be untenable or prohibitively expensive. I propose that 

border cells are an untapped asset to be used and exploited in the effort of 

bioremediation of contaminated environmental sites, as well as phytopathogen 

management. By studying how border cells interact with metals and microbes we are 

furthering our knowledge and applicability of natural, low-cost bioremediation and 

agriculture techniques. 

 

I.3 Objectives 

 

My goal in this dissertation was to elucidate specific mechanisms of the interaction 

between border cells and biotic/abiotic stressors, within the underlying context of 

improving phytoremediation and agricultural pest management potentials. Increasing 

soil contamination and its myriad negative effects worldwide are driving the need to 

improve phytoremediation efficiency, though the specific root traits that determine plant 

suitability for this task are undefined. Plant root border cells are still relatively unstudied 

in this context and there is a dearth of information on basic functional properties. To this 

end, I studied the function of root border cells based on preliminary findings that border 

cells trap and immobilize both heavy metals and phytopathogens. I hypothesize that root 

cap border cells and the associated mucilage/exDNA modulates the influence of heavy 
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metals and phytopathogens on plants. The general objectives of this dissertation research 

were (1) to detect and study the function of exDNA in the response of border cells to 

pathogenic microbes; (2) to analyze the interactions of lead (Pb) with border cells; and 

(3) to explore the role of exDNA in Pb trapping by using various nucleases and a Pb-

specific stain. 

 

I.4 Format of this dissertation 

 

Results of this dissertation are presented as appendices, each containing a copy of 

a published article. A summary of each appendix containing the contribution of the 

author of this dissertation is presented in the following section. 

 

 II PRESENT STUDY 
 

The methods, results, and conclusions of this study are presented in the published 

papers appended to this dissertation. The following is a summary of the most important 

findings in this document. 
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II.1 Summary of APPENDIX A: Root border cells and their role in plant defense 
 

 
Appendix A is an article published in the Annual Review of Phytopathology (2016), 

54: 143-161, entitled “Root border cells and their role in plant defense.” Root border cells 

and the associated mucilage represent a significant photosynthetically fixed carbon 

expenditure for plants. Until recently, border cells were thought to be dead waste that 

contributed only hydraulic lubrication for the root tip as it penetrates the soil. Why then, 

would a plant invest such so much carbon into cells that are dead and sloughed off? It 

turns out that border cells play a large role in protecting the root. Pathogenic 

microorganisms, like bacteria, nematodes, zoospores, and fungi exhibit host-specific 

recognition and chemotaxis towards border cells. The chemical signals released by border 

cells rapidly induce fungal spore germination, nematode chemotaxis and induced 

quiescence, and bacterial trapping. These findings support the hypothesis that border 

cells act as a decoy for pathogens, by attracting and immobilizing them away from the 

sensitive root tip.  

 

In this study, protein analysis revealed that border cell gene expression is distinct 

from the plant genotype, with dozens of compounds produced only by border cells. 

Among the many compounds uniquely produced by border cells, histone H4 was present. 

This extracellular histone from border cells coincidentally paralleled a discovery that 

human neutrophils also produce extracellular histone as a defense process in the immune 
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system. Brinkmann et al. (2004) reported that exDNA, together with other extracellular 

proteins, are actively exported by human neutrophils and form neutrophil extracellular 

traps (NETs) which inhibit pathogen invasion. This exDNA-based defense mechanism is 

effectively countered by microbial nucleases. For example, Group A Streptococcus (GAS) 

requires a nuclease to function effectively as a pathogen, as do many other pathogens 

(Chang et al., 2011).  

 

My contribution to this research was the culturing of mutant Ralstonia 

solanacearum in liquid CPG medium, plant material preparation, and detailed 

microscopic observation and comparison of nucA, nucB, and nucA/B Ralstonia 

solanacearum mutants trapping on corn border cells.  
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II.2 Summary of APPENDIX B: Visualization of extracellular DNA released during 
border cell separation from the root cap 
 

 
Appendix B is an article published in the American Journal of Botany (2017), 

104(7): 970-978, entitled “Visualization of extracellular DNA released during border cell 

separation from the root cap.” As roots penetrate the soil, border cells and the associated 

mucilage both lubricate the root’s passage and secrete extracellular proteins. As 

established in Appendix A, one component of root mucilage is extracellular DNA 

(exDNA), which is hypothesized to contribute to root defense against both biotic and 

abiotic soil-borne threats. The physical characteristics of root mucilage have been 

quantified yet the functional impact of exDNA on mucilage structure has not been 

established. In this study we explored the physical structure of root mucilage through 

histochemical and fluorescent microscopy. Plant root defense against contaminants is 

increasingly of concern, hence our desire to elucidate how and why exDNA is a 

component of root mucilage (the very first pathway of contaminant interaction). 

 

 Border cell mucilage and exudates are known to elicit microbial responses both 

genetically and behaviorally. Why would exDNA be part of this first response system? To 

explore this question, we needed to first establish reliable protocols for directly detecting 

root cap and border cell exDNA in real time. With these sensitive, rapid visualization 

methods we were able to establish the presence and structural functions of border cell 

exDNA. Root mucilage regularly forms netlike structures comprising polysaccharide 
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strands and filaments in complex convolutions. Histochemical staining of border cells 

revealed these structures are common, and perhaps the default medium surrounding 

border cells. Upon exposure to nucleic acid enzymes these intricate mucilage structures 

were abolished, indicating that exDNA must be a supporting component of this mucilage. 

Indeed, these results were consistent across multiple plant families, using different 

histochemical and nuclear fluorescent dyes, and with different types of nucleases. 

 

My contribution to this research was preparation of plant material, application of 

fluorescent and histochemical dyes, and detailed microscopic observations of border cell 

mucilage and exDNA structures using various dyes and nucleases. 
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II.3 Summary of APPENDIX C: Trapping of lead (Pb) by corn and pea root border 
cells 
 

 
Appendix C is an article published in the journal Plant and Soil (2018), 430(1-2): 

205-217, entitled “Trapping of lead (Pb) by corn and pea root border cells.” In the studies 

summarized in Appendix A and Appendix B we confirmed that exDNA is a component of 

root mucilage and that its presence is required for root tip resistance to biotic threats. 

This led us to ask how border cells interact with agriculturally relevant pollutants like Pb. 

To answer this question, we incubated border cells with Pb and performed multiple 

analyses: Pb-induced injury on roots was assessed by growth pouch assay, microscopic 

observations of border cell interactions with Pb, inductively coupled plasma mass 

spectroscopy (ICP-MS) analysis of Pb trapping capacity, and x-ray absorption 

spectroscopy (XAS) analysis of Pb speciation during incubation with border cells. 

 

Border cell exposure to Pb resulted in altered trap formation. India ink is used as a 

border cell mucilage negative stain because it is unable to penetrate mucilage, making it 

very useful for visualizing border cell mucilage. Border cells respond to threats, in this 

case Pb, by increasing the diameter of their mucilage layer. This increased mucilage 

production serves as a thicker defense through which the threat cannot penetrate, leaving 

the border cell viability unaffected between treatments. 
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To test the protective function of border cells on root growth, border cells were 

entirely removed from the root tip prior to Pb exposure and placed in growth pouches. 

The rapid hydration and expansion (1-2 minutes) of root cap mucilage and the associated 

border cells facilitates its removal by gentle agitation. Border cell-free root tips treated 

with Pb experienced significant growth stunting after 24 hours compared to water 

controls. Unwashed root tips exposed to Pb grew at the same rate as water control 

treatments, indicating that border cells protect the root tip from stressors that would 

otherwise stunt growth. There was no difference between control and treatment groups 

when silicon (Si), a beneficial plant micronutrient, was the metal solution in use. The 

conceptual analogue between harmful/beneficial microbes and metal contaminants is 

supported by these results: border cells discourage harmful interactions (Pb) and do not 

inhibit positive interactions (Si). 

 

Similar results were found with ICP-MS analysis of metals removed from solution 

by border cells. Root tips were immersed in metal solutions for one hour and metal 

concentrations were measured with and without root treatment. Both corn and pea roots 

and the associated border cells removed Pb from solution. Interestingly, Si levels were not 

significantly altered after incubation with roots, indicating that border cell responses to 

metals (as well as microbes) may be selective. 
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Chemical analysis of border cell interactions with Pb is potentially of importance 

because of the impact on solubility, speciation, stability, and structure during 

interactions. To determine Pb speciation during exposure to border cells we subjected 

samples to synchrotron x-ray absorption spectroscopy (XAS). Results indicate that Pb-

treated border cell solutions have an altered bonding environment compared to Pb 

control samples. Specifically, quantitative fits of the spectra indicate Pb is bonded to 8 to 

9 oxygen atoms, but in border cell treated samples the oxygen ligand is similar to Pb-CO3 

structures, compared to Pb-H2O hydration complex in control samples. 

 

My contribution to this research was preparation of plant material, plant-metal 

treatment, development of protocol and sample preparation for ICP-MS measurement, 

sample preparation for XAS analysis, and detailed microscopic observations of border cell 

interactions with Pb. 
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II.4 Summary of APPENDIX D: Use of rhodizonic acid for rapid detection of root 
border cell trapping of lead and reversal of trapping with DNase 
 

 
Appendix D is an article published in the journal Applications in Plant Sciences 

(2019), 7(4): e1240, entitled “Use of rhodizonic acid for rapid detection of root border cell 

trapping of lead and reversal of trapping with DNase.” It is established that various toxic 

metals induce border cell trap formation, yet the role of exDNA in this process is poorly 

understood. In this study we developed a novel method for real-time detection of Pb on 

and around roots and their associated border cells and mucilage. Rhodizonic acid, a 

color-changing Pb indicator, was used to explore the function of exDNA in the Pb 

trapping process. We established that enzymatic degradation of exDNA results in 

reduced Pb trapping by border cells. Rhodizonic acid is not sensitive to interference by 

various nucleases and thus is useful for rapidly determining Pb distribution on root tips. 

Despite its low-cost/input/tech appeal, phytoremediation has been unsuccessfully 

employed to clean the environment, in part because border cells and other plant defense 

mechanisms are effective at preventing pollutant uptake into tissues. This new tool could 

help define variables which affect Pb associations with plant tissues, in the context of 

improving phytoremediation applications. 

My contribution to this research was development and application of a novel 

rhodizonic acid (RA) Pb staining protocol, detailed microscopic observation of border 

cells trapping Pb using RA, and trapping observations with the addition of multiple 

nucleases.
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