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ABSTRACT 

 Soilborne plant pathogens are responsible for many of the major crop diseases 

worldwide.  However, plant root tips are generally resistant to pathogen infections. The goal 

of this dissertation research is to understand the mechanism of this natural resistance by 

testing the hypothesis that root caps and root border cells control the rhizosphere 

community through the biological products which they deliver to the soil.  Specific 

objectives of this dissertation project are 1) identifying, isolating, and characterizing the 

genes important for border cell development and for root exudates delivery, and 2) 

analyzing the function of extracellular macromolecules in root exudates in root tip-fungal 

pathogen interaction. 

 The expression of a primary cell wall synthesis gene, PsFut1, encoding Pisum 

sativum fucosyltransferase, was characterized during border cell production, and the 

impact of silencing this gene on border cell development was examined. Another gene, 

BRDgal1, encoding β-galactosidase, was identified and characterized in Pisum sativum 

during this study. It was shown that this β-galactosidase is specifically produced in and 

secreted from root border cells. The microarray transcriptional profiling in M. truncatula 

and mRNA differential display analysis in pea plants were carried out following the 

induction of border cell production to gain a broader understanding of the genes which 

potentially influence border cell development.  In order to study the commonality of 

border cell production across different plant species, the expression of rcpme1, the 

marker gene for border cell production, was compared between the garden pea and a 

gymnosperm species, the Norway spruce (Picea abies). To accomplish the second 
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objective, the focus of this study was shifted from border cell development to 

mucilaginous root exudates excreted by border cells and root cap cells. This resulted in a 

breakthrough in the understanding of the mechanisms of root tip resistance. The presence 

of extracellular DNA in the root mucilage was discovered and its requirement for root tip 

resistance to fungal infection was demonstrated. Extracellular proteins in the root 

mucilage were identified and they were shown to be also required for the root tip 

resistance to fungal infection. This work provided new insights into understanding plant 

defense mechanisms.  
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I. INTRODUCTION 

A. Soilborne plant diseases and their management 

Plant diseases have accompanied agriculture since beginning and continue to 

threaten crops worldwide. An extreme example is potato late blight, caused by the 

soilborne oomycete pathogen Phytophthora infestans. This disease was responsible for 

the 1845 Irish famine and the deaths of more than one million people (Song et al., 2003). 

About 90% of the two thousand major diseases infecting the thirty-one principal crops in 

the United States are caused by soilborne pathogens, which cause an average annual loss 

of 17% in production (Pimentel, 1991).  This represents a 50-75% loss of the attainable 

yield for many crops, at a cost of $12 billion (James, 1981; Lumsden et al., 1995; Barker 

et al. 1994).  

Most soilborne pathogens are fungi and oomycete.  Examples include 

Gaeumannomyces graminis var. tritici, Fusarium oxysporum, Phytophthora cinnamoni, 

Pythium sp., Rhizoctonia solani, and Thielaviopsis basicola, which often cause seed 

decay, damping off, root rot, collar rot, fruit rot, seedling blight, crown rot, and wilt 

(Cook and Baker, 1983; Haas and Defago, 2005). There are some soilborne bacterial 

pathogens such as Streptomyces scabies, which causes potato scab, and Ralstonia 

solanacearum, which causes wilt of tomato, tobacco and others. The parasitic nematode 

Meloidogyne incognita causes root swelling and root-knot on several crops (Haas and 

Defago, 2005). Diseases such as take-all, blight, crown rot, fruit rot, root rot, damping-

off, and vascular wilt caused by Phytophthora, Verticillium, Gaeumannomyces and 
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Fusarium still remain major problems, even after more than 100 years of research 

(Barker et al. 1994).  

Many soilborne diseases have been controlled effectively by chemical pesticides, 

such as methyl bromide (Braun and Supkoff, 1994, Johnson et al., 1962, Stark et al., 

1944, Wilhelm et al., 1974). However, the use of these chemicals has been severely 

restricted or banned due to the danger they pose to humans and other animals, ever-

increasing environmental concerns, and the resistance to chemicals which pathogens can 

develop rapidly (Braun and Supkoff, 1994, Morrison, 1989, Monyrdinod, 2003). 

Although breeding and genetic engineering of plant resistance to soilborne diseases have 

been highly effective in certain species of plants (Chiang et al., 2001; Jorgensen, 1992), 

the broad host range, large genetic variability, and rapid evolution of soilborne pathogens 

have reduced the effectiveness of resistance in disease control. Limited availability of 

disease resistance genes, unsuccessful genetic engineering in certain crop species, 

undesirable changes in produce qualities, and negative perceptions of genetically 

modified organisms in many countries to further have restricted the development of 

genetically engineered of disease resistant crops (Heil et al., 2000; Campbell  et al., 

2000).  

Crop rotation, on the other hand, long has been used to control soilborne diseases 

(Cook, 1991). While this method is effective in many crops, its application has been 

limited, either due to the long survival time of propagules in soil and the wide host range 

of some pathogens, or by the poor economic value of rotating crops (Subbarao et al., 

2007). For instance, microsclerotia of Verticillium dahliae, the causal agent of strawberry 
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wilt, survive in soil up to 10 years. In addition, the wide host range of the fungus (Qin et 

al., 2006) reduces the number of crops suitable for rotations for Verticillium wilt 

management (Huisman and Ashworth, 1976). 

 One attractive option for managing soilborne diseases is biological control (Haas 

and Defago, 2005; Handelsman and Stabb, 1996; Mathre et al., 1999; Alabouvette and 

Lemanceau, 1998; Chet and Baker, 1981; You and Sivasithamparam, 1995). Biological 

control is defined as the suppression of pest populations by natural competitors or 

antagonists and typically involves an active human role (Handelsman and Stabb, 1996; 

Lugtenberg and Levea, 2007). These natural competitors and antagonists are called 

biological control or 'biocontrol' agents. Biocontrol agents offer many advantages 

because they are non-polluting and biodegradable, pose little or no harm to humans or 

animals, and are difficult for pathogens to develop a resistance against. For more than one 

hundred years, research has demonstrated repeatedly that diverse microorganisms can act 

as natural antagonists of various plant pathogens (Cook, 2000). Studies on the 

biodiversity of suppressive soils have led to the identification of many soilborne 

organisms with biocontrol activities for pathogens and nematodes (Lockwood, 1986; 

Deacon 1991; Kluepfel et al., 1993).  

 Biological control has been explored extensively for root systems in the 

rhizosphere, which is defined as 'the interface of root and soil' (Handelsman and Stabb, 

1996; Rovira, 1991; Lugtenberg and Levea, 2007). Plants release metabolically active 

root border cells and exudates and deposit as much as 20% of total fixed carbon to the 

rhizosphere where plant pathogens and biocontrol agents meet (Rovira, 1965, 1969, 
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Hawes, 1991). The interactions between microorganisms and plant roots are complex, but 

a great deal of research on such interactions has made it possible to define mechanisms 

by which biocontrol may inhibit disease.  These include antibiosis, induction of host 

resistance, predation, and competitive exclusion of colonization sites (reviewed in 

Ongena and Jacques, 2007; Cook, 1983; Lugtenberg and Levea, 2007; van Loon et al., 

1998). 

 Major biocontrol agents for soilborne pathogens include bacteria species such as 

Bacillus sp., Pseudomonas sp., and Agrobacterium sp.  For example, Pseudomonas sp. 

controls the damping-off disease caused by many fungal pathogens through antibiotic 

production, such as phenazines, cyclic lipopeptides, and phloroglucinols. Another 

mechanism of Pseudomonas sp. in controlling the disease is through siderophore (iron-

carrier) production in order to compete with pathogens for the very limited usable iron in 

the rhizosphere. The third mechanism for damping-off disease being controlled by 

Pseudomonas sp. is through the induction of systemic plant resistance (Haas and Defago, 

2005; Pierson and Thomashow, 1992; Mazzola et al., 1992; Emmert and Handelsman, 

1999; Stein, 2005; Penyalver et al., 2001). Bacillus cereus controls damping-off and root-

rot diseases of soybeans and alfalfa by producing the antibiotics kanosamine and 

zwittermycin A (Osburn et al., 1995; Stabb et al., 1994). Bacillus sp. also can produce 

elicitors such as 2,3-butanediol to induce systemic resistance (Ryu et al., 2004). 

Mycorrhizal fungi also have been implicated as biocontrol agents. These species produce 

an array of biologically active molecules including antibiotics, lytic enzymes, 

lipopeptides, and ion chelators. Studies have suggested that they can function not only as 
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antagonists by inhibiting and killing pathogens, but also as competitors in root 

colonization and elicitors for host resistance (Ongena and Jacques, 2007; Tripathi et al., 

2008). 

 Over 80% of land plants can form symbiotic mycorrhizal associations.  While 

plants provide a carbon source for fungi, the mycorrhizal fungi can function as a primary 

organ, acquiring mineral nutrients from soil to deliver to the plants and providing 

protection against pathogen invasion (Morgan et al., 2005).  Mycorrhizal fungi are 

thought to carry out biocontrol functions through several different mechanisms.  These 

include the formation of a fungal 'mantle,' a physical barrier between the plant root tip 

and soil (Gunawardena et al. 2002).  Other proposed mechanisms include antibiosis, the 

induction of fungistatic compound production in plants, and competition with pathogens 

for root infection sites (Tripathi et al 2008; Smith and Read, 1997). Some plant families 

do not form mycorrhizal associations, including the Brassicaceae (Brassicales), 

Caryophyllaceae, and Chenopodiaceae (Caryophyllales), as well as the genera Lupinus 

and Kennedia (Fabales), Cyperaceae and Juncaceae (Poales), and Proteaceae (Proteales) 

(Morgan et al., 2005; Miller, 2005). Non-mycorrhizal plants are characteristic of harsh 

habitats such as saline and arid soils (Brundrett, 2002). Interestingly, plants that do not 

produce or produce very few border cells are among these non-mycorrhizal plants 

(Hamamoto et al., 2006; Nagahashi and Douds, 2004).  These include species such as 

Arabidopsis thaliana in the Brassicaceae, which do not produce border cells or form 

mycorrhizal associations (Niemira et al., 1996). This suggests that living border cells play 

a role in the plant-mycorrhiza interaction (Nagahashi and Douds, 2004).  
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 Despite extensive research, with a few exceptions (Ongena and Jacques, 2007; 

Moore and Warren, 1979; Kawaguchi et al., 2005, 2008), biocontrol is still in its early 

stages as a commercially viable method for disease management. Many obstacles remain 

in improving the efficacy of biocontrol agents and in their commercialization.  The 

amount of time and money needed to commercialize a biocontrol agent is considerable, 

even after such an agent has been identified (Montesinos, 2003; McSpadden and Fravel 

2002, Backman et al., 1997).   Although biocontrol efficacy can be improved in 

laboratories through the manipulation of genes involved in the production of biocontrol 

molecules or the combination of different mechanisms of biocontrol in one product, the 

real challenge for biological control is to deliver an active agent to the site where it is 

required and to maintain it there as long as necessary (Ingham, 1991; Lugtenberg and 

Levea, 2007; http://www.colostate.edu/Orgs/WAAESD/). Once delivered, biocontrol 

agents face the challenge of competition against other organisms in the rhizosphere to 

successfully colonize roots at sites where pathogen invasion primarily occurs, i.e. 

wounding sites and young tissues behind the root tip (Lugtenberg and Levea, 2007; 

Kamula et al., 1994; McDougal and Rovira, 1970; Gunawardena et al., 2005).  

B. Managing soilborne pathogens at the root tip: examining nature’s way  

The region of elongation just behind the root tip is the primary infection site for 

pathogenic fungi, symbiotic fungi, bacteria, and parasitic nematodes (Bauer, 1981; Curl 

and Truelove, 1986; Trotta et al. 1996; Gunawardena and Hawes 2002). One possible 

explanation for this phenomenon is that primary cell walls in this region are vulnerable to 

invasion. Another possible reason is that this region is an active secretion site for root 
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exudates, which attract and support soil microflora, causing the initiation of infection. 

Yet, inexplicably, newly synthesized, younger tissue at the 1 to 2 mm apical region 

housing the root cap and root meristem is largely resistant to microbial infection, even 

when the upper part of a whole root is infected (Bruehl, 1986; Turlier et al., 1994; 

Olivain and Alabouvette, 1999; Foster et al, 1983).  This is despite the fact that the root 

tip is an even more active site for root exudate secretion than elsewhere on the root. The 

reasons why the elongation zone, rather than the root tip, is the initiation site for infection 

remains unclear.  Several lines of evidence suggest that root border cells and root 

exudates play a key role in root development and the protection of the root tip from 

pathogen infections (for review, see Hawes et al., 1998, 2000; Gunawardena et al., 2005; 

Bais 2006).  

1). Root border cells: separated secretory cells functioning as a system to 

deliver root exudates that regulate rhizosphere ecology  

a. Border cell production and separation  

Root border cells are those cells programmed to separate from each other and 

from the root tip. Almost all plant species produce and release a large number of 

metabolically active root border cells into rhizosphere (Hawes and Pueppke 1986; Hawes 

et al. 1998), the  
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Figure I.1. Root border cells.  Pea root tip with the smooth surface 
seen under a dissecting microscope. B. Surface electron microscope 
image of a soybean root tip (Photos by S Perkins, HE Calvert, WD 
Bauer; details in Hawes and Brigham 1992). C. Pea root tip submerged 
in water examined under a dissecting microscope. Bar = 1mm. 

A B C 

Figure I.2.  Root tips of (A) maize; 
(B) cucumber; (C ) tomato; (D) 
cotton; (E ) alfalfa; and (F ) 
Arabidopsis thaliana grown and 
treated to reveal border cells, if 
present. Seeds were germinated on 
1% water agar overlaid with filter 
paper, then immersed for 30 
seconds in water without agitation, 
so that all border cells present are 
visible. A. thaliana root tips do not 
release border cells under the 
conditions used (Brigham et al., 
1995). Bar = 1 mm (photo by F 
Wen, details in Hawes et al., 1998). 



  22 

 

narrow zone of soil immediately surrounding the root system (Morgan et al. 2005; Bais et 

al., 2001). In the absence of free water, border cells are tightly adhered to the root tip 

when they are produced, giving the root tip a smooth appearance to the naked eye. 

However, when examined under an electron microscope, many individual cells on the 

surface of the root tip can be seen. When a root tip is submerged into water, thousands of 

these cells disperse into the water in a matter of seconds, clearly visible without the use 

of a microscope (Fig. I.1). Border cell production is controlled mainly by plant species 

and can also be regulated by environmental signals (Hawes et al., 1998; Zhao 2000; 

Miyasaka 2001). The maximum number of border cells produced from each root tip is 

conserved at the family level and can range from 0 in Arabidopsis to 4000 in pea plants 

to 10,000 in pine and some varieties of cotton plants (Fig. I.2) (Brigham et al., 1995; 

Hawes and Pueppke, 1989). Root border cells are programmed to separate from each 

other and the root tip as a result of root cap turnover – root cap meristem cells go through 

cell division and cell differentiation, and then separate from the root cap when they reach 

the cap peripheral layer. The separation is carried out by enzymes which degrade the cell 

wall. Appendix A contains a detailed review on border cell development and cell 

separation.  

b. Interaction of border cells and associated exudates with other 

organisms in the rhizosphere 

 The root cap is known as a major secretory organ in plants (Rogers et al., 1942; 

Sievers and Braun, 1996). Border cells maintain the secretory function even after they are 

separated from the root cap and each other (Brigham et al. 1995). As such, root cap cells 



  23 

 

and root border cells are a major source of root exudates. Additionally, the cell separation 

process itself also contributes components to root exudates, as a result of middle lamella 

degradation (Zhu et al., 2004). Root exudates generally are comprised of two classes of 

compounds: (1) low-molecular weight compounds such as amino acids, organic acids, 

sugars, nucleotides, phenolics, and other secondary metabolites, and (2) high molecular 

weight exudates, root mucilage, including polysaccharides (ca. 95%) and proteins (ca. 

5%), which comprise a larger proportion of the root exudates by mass (Bais et al., 2006). 

A significant proportion of the fixed carbon made through photosynthesis is released into 

the rhizosphere through root exudation (Lynch and Whipps, 1991). The secretion of root 

exudates varies with the species, age, and physiological state of the plant, the type of soil, 

types of other organisms present in the rhizosphere, and nutrient availability (Brady and 

Weil, 1999; Brimecombe et al., 2001). In the rhizosphere, complex relationships exist 

among plant roots, root border cells, soil microorganisms, protozoa, nematodes, and the 

soil itself. Root exudates regulate the compositions and activities of the rhizosphere 

community through the stimulation of fungal sporulation, regulation of microbial gene 

expression, and chemo-attraction and repulsion of beneficial or pathogenic bacteria, 

fungi, and nematodes (Lugtenberg and Leveau, 2007). The effects of border cells and 

associated exudates on different organisms are discussed in Appendix B.  
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2). Genes important for border cell development and root exudates 

production 

a. Root cap turnover 

Border cells are produced from the root cap meristem, which is distinct from the 

root apical meristem (Fig I.3). While the root apical meristem results in root growth, the 

root cap meristem gives rise to root cap production, which is regulated independently of 

the apical meristem (Brigham et al., 1995, 1998; Hawes et al., 2003; Wen et al., 1999). 
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responsible for each tier of 
root cap cell and border cell 
development: 
Tier 1. Genes 
controlling cell cycle 
and primary cell wall 
synthesis, e.g. PsUGT1  
Tier 2. Genes for cell 
wall differentiation; 
synthesis & assembly of 
starch grains; sensing & 
responding to water, 
toxins, nutrients, and 
gravity, e.g. GBSSII 
Tier 3. Genes for 
assembly, processing & 
function of 
polysaccharide 
secretion, e.g. amylase 
Tier 4. Genes for cell 
wall maturation & 
degradation; secondary 
metabolism, root 
exudation, e.g. rcpme1.  

Figure I.3. Cell tiers at the root cap. Border cell production 
started from root cap meristem in tier 1, and ended at tier 4 
where cell wall degradation enzymes separate cells from 
the root cap and from each other at the peripheral layer. 
Changes in gene expression in any tier of cells may alter 
border cell production process and change root exudates 
composition, therefore rhizosphere structure. 
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Root cap production by root cap cell division and differentiation is not a continuous 

process; instead, it is a renewable process which can be induced synchronously by the 

removal of border cells (Hawes et al., 1995; Brigham et al., 1998; Wen et al., 1999). 

When a species-specific number of border  

cells are produced, the root cap turnover process ceases. The process by which a single 

cell physically traverses the cap from synthesis in the meristem to separation from the 

periphery is called 'cap turnover.' Upon the removal of border cells, mitosis in the root 

cap meristem is activated within 15 min. (Brigham et al., 1998). Newly synthesized cells 

in the cap meristem replace next tier cells, and the next tier cells proceed to replace the 

next adjacent tier of cells toward the apical end of the root cap until a new set of border 

cells are produced to replace the removed set. During root cap turnover, cells differentiate 

progressively through a series of distinct, morphological changes correlated with 

specialized functions (Moore and McClelen 1983; Sievers and Braun 1996; Barlow 

2003). One of these functions is the synthesis of starch grains that participate in gravity 

sensing (Konings 1995; MacCleery and Kiss 1999; Rosen 1999). As differentiation 

progresses, the starch is degraded and a high molecular weight polysaccharide mucilage 

is synthesized and exported to form a water-soluble capsule surrounding the cap 

periphery (Fig. I.3) (Rougier 1981; Bauer and Teplitski, 2001). As cells reach the cap 

periphery they are programmed to separate from each other into the cap mucilage by the 

activity of cell wall degrading enzymes localized in peripheral cells of the cap, becoming 

living root border cells ensheathed in the root mucilage (Hawes and Stephenson, 1994; 

Wen et al., 1999).  



  26 

 

b. Genes involved or possibly involved in border cell production 

The root cap turnover process is directed by a switch in gene expression 

throughout the cap (Hawes and Lin 1990; Brigham et al 1998). The characteristically 

renewable, nondestructively inducible nature of the root cap development provides a 

unique biological system that can be viewed and operated experimentally as a “border 

cell factory” with an assembly line starting from the root cap’s meristematic cells. Each 

tier of cells carries out different biological functions by turning on or off specific genes, 

such as cell cycle genes, cell wall synthesis and degradation genes, starch synthesis and 

degradation genes (Fig I.3). The whole process of making a full set of new border cells 

after removal of the old set takes only 24 hrs in pea plant. Mitosis at the root cap 

meristem is turned on within 15 min. of border cell induction either through removing the 

border cells or by dipping the root tip in water (Brigham et al., 1995). This system offers 

an excellent experimental tool to facilitate the identification of genes functioning 

throughout this “assembly line” of border cell production, from the onset of mitosis 

through the separation of cells from the cap.  For example, the mRNA level of PsUGT1, 

a gene that encodes a UDP-glycosyltransferase which appears to regulate a flavonoid 

signal controlling cell cycle leading to border cell development, increases 7-fold in 15 

min., just before a 9-fold increase in mitosis. Antisense inhibition of psUGT1 expression 

in alfalfa slows the cell cycle by 2-fold, and border cell production is correspondingly 

inhibited (Woo et al., 1999).   In contrast, Rcpme1, a gene encoding a pectin 

methylesterase (PME), operates at the other end of the pathway, in peripheral root cap 

cells during border cell separation. Rcpme1 expression reaches its highest level (7-fold 
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higher than the basal level) in 2 hrs, and maintains that level up to 5 hrs after border cell 

induction. It then returns to the basal level 24 hrs later when a new set of border cells is 

produced. When rcpme1 expression is inhibited by antisense mRNA, root development 

proceeds but border cells cannot differentiate and separate from the root cap (Wen et al., 

1999). With the aid of northern hybridization, differential display, in situ hybridization, 

and targeted gene silencing, a number of genes whose expression corresponds to different 

stages of border cell production have been identified (Fig. I.3) (Brigham et al., 1998; 

Woo et al., 1997; Wen et al., 1999; Zhu et al., 2004).  

c. Root exudates production 

The root cap is the primary source of root exudates in young, healthy roots 

(Griffin et al., 1976; Rovira, 1956, 1985; Van Egeraat, 1975; Rogers et al., 1942; 

Rougier, 1981; Sievers and Braun, 1996). The controlled root cap turnover occurs in 

parallel with controlled delivery of root exudates. Root cap turnover can be controlled by 

endogenous and environmental signals in a species-dependent manner, and can also be 

regulated experimentally through gently agitating the root tip in water to remove its 

border cells, or to simply dip the root tip in water (Brigham et al., 1998; Clowes, 1978; 

Hawes and Lin, 1990; Barlow 2003; Hawes et al., 1998; Ijima et al., 2000; Miyasaka and 

Hawes, 2000; Wen et al., 1999; Woo et al., 1999; Zhao et al., 2000). As roots penetrate 

into the soil, the development of the rhizosphere is initiated with the arrival of the root 

cap, which actively delivers root exudates and dictates the compositions and activities of 

the rhizosphere community determined by the plant species (Atkinson et al., 1975; 

Teplitski et al., 2000; Wilson et al., 1999). The rhizosphere community composition and 
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activity is established via root exudates that stimulate or inhibit microbial growth in the 

rhizosphere (Hawes and Smith 1989; Griffin et al., 1976; Peters 1986; Zhu et al., 1997, 

2004; Woo et al., 2004; Zhao 2000b). At the moment, the detailed mechanisms for root 

exudation are poorly understood. One mechanism is by vesicular trafficking and 

membrane transporters (Walker et al., 2003). The plant genes which control the release of 

root exudates into the rhizosphere are not known. However, it has been shown that 

inhibition of border cell production by the expression of rcpme1 antisense mRNA in 

transgenic hairy roots reduced the level of signal molecules in root exudates that induced 

nodulation genes of Rhizobium leguminsarum (Zhu et al., 2004). In addition, the 

expression of PsUGT antisense mRNA in transgenic hairy roots delayed border cell 

production for more than 24 hrs, abolishing root nodulation by nitrogen fixation 

bacterium (Woo et al., 2004). 

3). Impacts of root exudates on microflora in rhizosphere  

 Root exudates produced by border cells and root cap cells play a key role in 

regulating the rhizosphere’s structure and microbe populations (Kamilova, 2005; 

Lugtenberg and Levea, 2007; Hawes et al., 2003; Uren 2007). Using HPLC, Micallef et 

al. (2009) compared root secretion profiles of eight different Arabidopsis accessions 

(ecotypes) grown under the same conditions, and found that the types of compounds and 

relative abundances of many compounds present in the profiles were different in each 

ecotype. Furthermore, they demonstrated that each of the eight accessions tested had 

distinct and reproducible bacterial community associations. This study suggests that plant 

root exudates can considerably influence the composition of rhizosphere microbes. 
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Therefore, rhizosphere microbes can be manipulated by engineered root exudate 

production. For example, genetically engineered tobacco plants that produce and secrete 

opine to the root exudates made the opine-catabolizing Pseudomonas fluorescens bacteria 

strain significantly more competitive than the non-opine-catabolizing strains (Oger, 1997; 

Savka and Farrand, 1997).  

C. Model systems used in this study: Pisum sativum, Medicago truncatula, Nectria 

haematococca 

The primary model organisms used in this research are Pisum sativum, the garden 

pea and its root rot fungal pathogen Fusarium solani f. sp. pisi (Nectria haematococca) 

because a large body of knowledge on border cell development in pea, the biology of N. 

haematococca, as well as the interactions between these two organisms is available 

(Hawes et al., 1998, 2003; Gunawardena and Hawes 2002; Gunawardena et al., 2005; 

Appendix B).  

1). Pea 

The garden pea, [Pisum sativum L., Leguminosae (Fabaceae)] is a multipurpose 

crop widely consumed by both humans and livestock worldwide and remains among the 

principal food crops in the U.S. It is rich in protein (ca. 25%) content with high levels of 

the essential amino acids lysine and tryptophan and high levels of carbohydrates (McKay 

et al., 2003). Like other legumes, its association with nitrogen-fixing bacteria makes it an 

excellent choice to rotate with cereal crops to improve the nitrogen level in the soil 

(McKay et al., 2003). In addition to its agricultural value, the pea has a long history of 
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being used as a model plant in genetic and physiological studies, including Mendel and 

Darwin (Mendel, 1866; Darwin and Darwin, 1880). The pea plant has been used as a 

model plant in border cell studies for more than two decades (for review, see Hawes et 

al., 1998). 

2). Medicago truncatula  

M. truncatula belongs to the Leguminosae (Fabaceae). It is a diploid alfalfa, and a 

close relative of Medicago sativa (tetraploid alfalfa) that is commonly grown as a forage 

crop. The genome of the genotype Jemalong A17 has been sequenced, and a 16,000 

unigene set based on ESTs is available (http://www.tigr.org/tdb/tgi/mtgi; Lamblin, et al., 

2003; Zhou et al., 2004). Because it is the first legume plant with its full genome 

sequenced, M. truncatula is a model system for studying legume biology, including 

legume-microbe interactions, disease resistance, and border cell research. The 

development of border cells in M. truncatula has been shown to be comparable with that 

in pea plants (Nyamsuren et al., 2003; Wen et al. 2009). 

3). Nectria haematococca  

Nectria haematococca Berk. & Br. is a filamentous fungus in the phylum 

Ascomycota of the class Sordariomycetes (Booth, 1971). Its asexual reproductive stage is 

also known as Fusarium solani. N. haematococca is a soil-borne fungus and some 

isolates cause ‘foot rot’ and root rot disease in both monocots and dicots. Its hosts include 

maize, barley, garden pea, chickpea, red clover, alfalfa, cottonwood, ginseng, mulberry, 

sainfoin, and tulip tree (VanEtten and Kistler 1988), Infection by N. haematococca can 
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severely reduce the yield and quality of infected crops (Kraft and Roberts, 1969). There is 

no satisfactory control for Fusarium root rot. Currently, no commercial pea cultivars have 

an effective resistance to this fungus (Grünwald et al., 2003). There are three types of 

asexual spores of N. haematococca. The two major ones are microconidia and 

macroconidia. The third one is an overwintering structure, the chlamydospore. 

Microconidia are single-celled, cylindrical to oval shaped spores with a dimension of 2-5 

x 8-16 µm. In contrast, macroconidia are multicellular with 3-5 septa, slightly curved 

with a dimension of 4-5 x 27-40 µm (Booth, 1977). Chlamydospores are globular-shaped 

with a smooth to rough-wall (Booth, 1977, Schippers and van Eck, 1981). The sexual 

spores are rare, and have been reported only on the branches of mulberry trees in Japan 

(Matuo and Snyder, 1972). Hyphae are septate and hyaline. Macroscopic morphology of 

N. haematococca may vary significantly on different culture media. On a potato detrose 

agar plate, the mycelia appear cottony white. Production of conidia can make mycelia 

teal colored  (Nelson et al., 1983). The optimal growth temperature for N. haematococca 

on media is approximately 30oC, and the optimal temperature for this fungus to cause 

disease in the field is 25-30oC (Kraft and Roberts, 1969). Germination of all three asexual 

spores can be stimulated by pea seed and root exudates (Gunawardena et al., 2005; 

University of Illinois Extension Report on Plant Disease No. 911). However, growth of 

N. haematococca can be inhibited by pea root exudates (Gunawardena et al., 2005; 

Gunawardena and Hawes, 2002).  

In the field, N. haematococca infects pea seedlings at the root collar where the 

hypocotyl and epicotyl meet with the cotyledons. The infection extends upward to the 
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soil line and downward towards the roots. Seedlings often die within a week (Bywater, 

1959; Bost 2006). The taproot is first slightly discolored, gradually becomes brick red, 

and finally becomes dark brown and develops lengthwise cracks (Univ. IL Ext. Rep. 

2002). As the infected root usually remains firm, this disease is often called “dry root rot” 

(Bost 2006). In the lab, even under highly conducive conditions for the disease, including 

the direct inoculation of whole roots with a suspension of spores at a high concentration 

(106/ml), followed by incubation in warm, moist conditions, most root tips escaped 

infection. Instead, light tan colored lesions develop behind the root tip (Gunawardena and 

Hawes, 2002). 

D. Possible application of this study  

The results from this study will enable better use of border cells as a tool to 

deliver antibiotics, toxic chemicals, and lytic enzymes in order to control soilborne 

pathogens and produce signal molecules to attract and keep beneficial organisms or 

biocontrol agents in the rhizosphere. This research will provide an novel alternate means 

to manage soilborne diseases through the use of plant root border cells. One characteristic 

of these cells is that they are separated from each other and from root tissue when they 

are produced.  This makes it possible to genetically engineer these cells without changing 

commercial or other qualities of the plant itself. These cells, if they are not already suited 

to the task, could be engineered as ‘traffic controllers’ to regulate the rhizosphere ecology 

in favor of attracting beneficial microbes and repelling or destroying pathogenic ones. 

 This proposed approach will have a positive impact on root development, produce 

quality, and the environment. Border cells are produced by root caps and stay in the 
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rhizosphere after they are separated from root tissue and distributed along the root when 

free water is available (Fig. I.4). Free water is also the optimal condition for soilborne 

pathogen activity (Skopp et al., 1990; Schjonning et al., 2003). The linkage between 

border cell distribution and the optimal conditions for pathogen activity in free water 

makes border cells great candidates for being used as biocontrol agent to overcome the 

difficulties of delivering other types of biocontrol agents to appropriate sites where and at 

the time when they are needed for suppression of pathogen infections. More detailed 

discussion on the potential use of border cells as build in biocontrol agent can be found in 

Appendix B. 

 

E. Long term goal of this study 

The long term goal of this study is to define the means by which root tips avoid 

infection by pathogens in general, with the ultimate application in developing biological 

Figure I.4. Border cell deposition along growing 
hairy-root of Lithospermum erythrorhizon cultured on 
solid medium. The antibiotic purple pigment, 
shikonin, produced by border cells clearly reveals the 
distribution of border cells along the root (photo by L 
Brigham, details in Brigham et al., 1999). 
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control by rhizosphere engineering through the genetic manipulation of root border cells 

and exudates. 

F. Hypothesis 

Root caps and root border cells control the community structure of the 

rhizosphere organisms through the biological products they deliver to the soil.  Altering 

border cell development or changing the products delivered to the soil will result in 

changes in the defense of root tips against the pathogen infection.  

G. Specific objectives 

The objectives of this dissertation include: 1) isolating and characterizing genes 

important for border cell development and 2) analyzing the function of extracellular 

macromolecules in root exudates in root tip-fungal pathogen interaction.  

H. Experimental approaches 

Approaches to accomplish Objective 1 include: 1) examining the expression 

patterns and functions of the cell wall synthesis gene Fut1, 2) isolating and characterizing 

a gene specific to pea border cells, BRDgal1 encoding β-galactosidase, whose activity 

was found in root exudates, 3) studying the commonality of the root cap turnover process 

in different plant species by comparing border cell production marker gene expression in 

different plant species, and 4) indentifying novel genes involved in the early stages of 

root cap turnover by transcriptional profiling of gene expressions in Medicago truncatula 

5-30 min after inducing border cell production. 
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Approaches to accomplish Objective 2 are direct identification and manipulation 

of extracellular molecules in the root exudates and the functional analyses of these 

molecules in root tip resistance to the fungal pathogen N. haematococca.  

I. Format of this dissertation 

Most of the research in this dissertation has been published, submitted, or will be 

submitted for publication soon. According to the University of Arizona manual for 

dissertations format, what would usually appear as chapters in a dissertation are 

formatted as appendices. Appendix A and B are two invited reviews which are a part of 

this introduction.  



  36 

 

II. PRESENT STUDY 

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

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

in these papers: 

Appendix A: Cell Separation in Roots  

This is an invited review article published in “Annual Plant Reviews”, vol. 25, 

Plant Cell Separation and Adhesion, p91-105. The review serves as part of the 

introduction (see I.B.1).a. p11). My contributions to the content of the review article 

include isolation and characterization of a cell wall degradation enzyme pectin 

mythylesterase encoding gene, rcpme1, and demonsting the function of this gene in 

border cell separation; I trained and helped an winter term undergraduate student, T.J. 

Kajstura and a winter term faculty member Dr. M. Laskowski who is the co-author of this 

review from the Oberlin College to work with border cells and study the cell separation at 

lateral root emerging sites. 

Appendix B: Root Border Cells:  A Delivery System for Chemicals 

Controlling Plant Health 

 This is an invited review article published in “Roots and Soil Management: 

Interactions between Roots and Soil”, Agronomy Monograph no. 48, p107–117. The 

review serves as part of the introduction (see I.B.1).b. p13). My contributions to the 

review are the study of the effect of manipulation of border cell separation on bacteria 

gene expression and the isolation and characterization of a border cell specific gene 
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BRD13 promoter and its functional analysis. My discussions with Dr. Hawes contributed 

to her writing the final version of the article. 

Appendix C: Inducible Expression of Pisum sativum Xyloglucan 

Fucosyltransferase in the Pea Root Cap Meristem, and Effects of Antisense mRNA 

Expression on Root Cap Cell Wall Structural Integrity 

Pisum sativum xyloglucan fucosyltransferase, encoded by PsFut1, is among a 

small number of cell wall biosynthetic enzymes whose function has been characterized. 

However its function has only been characterized at the biochemical level. It synthesizes 

an alpha-1,2 fucose:galactose linkage in fucosylation of xyloglucan, which comprises ca 

20% of the weight of the pea cell wall. Soluble components of xyloglucan have been 

shown to exhibit hormone-like signaling activity. The substrate of this enzyme, fucose, is 

an important monosaccharide in root exudates. Here, we measured the expression of 

PsFut1 mRNA in pea root caps during the induction of root cap turnover and initiation of 

primary cell wall synthesis. We then examined the impact of PsFut1 gene silencing using 

transgenic clonal pea hairy roots. The expression of this gene can be induced by inducing 

border cell production. Only 4% of transgenic hairy roots expressing PsFut1 antisense 

mRNA were obtained as compared to ca. 40% in the positive control hairy roots 

expressing CaMV35S::uidA. This result suggests that reduced PsFut1 gene expression is 

a lethal hindrance towards root development. Deformed cell wall structure shown in the 

border cells of transgenic hairy roots expressing PsFut1 antisense mRNA may contribute 

to such lethality. The results of this project were published in Plant Cell Reports (2008) 

27: 1125-1135, entitled “Inducible expression of Pisum sativum xyloglucan 
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fucosyltransferase in the pea root cap meristem, and effects of antisense mRNA 

expression on root cap cell wall structural integrity.”   

My contributions to this project include Southern blot analysis; Northern blot 

quantitative analysis; designing and supervising the construction of a vector expressing 

antisense mRNA of PsFut1; induction of hairy roots expressing the antisense mRNA of 

the PsFut1; analyses of the phenotypic change in hairy roots expressing the antisense 

mRNA of PsFut1, from root morphology to the wall structure of the border cell 

examined under electron microscope; in situ immunolocalization of xyloglucan 

fucosylation using CCRC-M1, a monoclonal antibody that specifically recognizes a-L-

fucosylated xyloglucan,; and preparation of materials for quantitative analysis of different 

xyloglucan compositions performed by Dr. M. Pauly at Department of Energy Plant 

Research Laboratory, Michigan State University.  

 Appendix D: Identification and Characterization of a Rhizosphere β-

galactosidase from Pisum sativum L.  

This project involved the isolation and characterization of pea border cell specific 

β-galactosidase whose activity was found in root exudates from pea, bean, alfalfa, barrel 

medic, sorghum, and maize. No activity of this enzyme was detected in radish plants or 

Arabidopsis, which do not produce viable border cells. β-galactosidase is a hydrolase 

enzyme that catalyzes the hydrolysis of β-galactosides into monosaccharides. One of its 

products, galactose, comprises up to 40% of the root cap mucilage and can act as a 

species-specific chemo-attractant and nutrient for microorganisms. Repeated efforts to 

develop viable hairy root clones expressing BRDgal1 antisense mRNA under the control 
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of the CaMV35S promoter were unsuccessful. These data suggest that altered expression 

of this enzyme is deleterious to early root development. Possible mechanisms are 

discussed. This project generated a publication entitled “Identification and 

characterization of a rhizosphere β-galactosidase from Pisum sativum L.” in Plant Soil 

(2008) 304:133–144.  

 My contributions to the project include examination of border cell specific β-

galactosidase activity through GUS assay in pea and in Medicago truncatula; BRDgal1 

sequence analysis and gene bank registration of the gene; designing a vector expressing 

antisense mRNA of BRDgal1; examination of in situ expression of BRDgal1 in part of 

roots using whole mount in situ hybridization; and Southern blot analysis. 

 Appendix E: Synchronous Elicitation of Border Cell Development in Root 

Caps Induces Transient Gene Expression Changes Common to Legume and 

Gymnosperm Species 

Pea root cap and border cells have proven to be a very useful system for studying 

root cap turnover, root border cell function, as well as root mucilage function. Another 

legume species, Medicago truncatula, whose genome has been sequenced and border cell 

production has been characterized, offers an opportunity to study gene transcriptional 

profiles during root cap turnover. This information will be valuable in understanding the 

mechanism of root tip resistance infections. In this project, microarray transcriptional 

profiling in M. truncatula and mRNA differential display analysis in pea were carried out 

over a 30 min. period following the induction of root cap turnover.  Microarray analysis 

of root caps revealed changes in the expression of approximately 1% of M. truncatula 
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genes. A similar percentage of genes in pea roots also were found to have altered gene 

expression levels, examined through mRNA differential display.  In order to study the 

commonality of the root cap turnover process in different plant species, the expression of 

pea root cap turnover marker gene rcpme1 was compared in pea and in the gymnosperm 

species Norway spruce (Picea abies). The same temporal and spatial expression patterns 

of this gene were found in two distinct different plant species during root cap turnover. 

This study built a foundation for future studies on the mechanism of root tip resistance to 

infections and other biological roles of the root cap and root border cells. In future 

studies, transcriptional profiles can be expanded from 30 min. after cap turnover to longer 

data points throughout the whole cap turnover process, which normally takes 24 hrs. Root 

cap transcriptional profiles from root tips challenged and unchallenged with pathogens 

can also be compared. The root cap transcriptional profile can be compared with the 

profile of the root elongation zone, and the profiles from these two zones of roots 

challenged with pathogens can be compared. The knowledge that the same cap turnover 

process occurs in different plant species will facilitate the use of border cells to manage 

soilborne pathogens more generally.  The publication resulted from this work is 

“Synchronous Elicitation of Development in Root Caps Induces Transient Gene 

Expression Changes Common to Legume and Gymnosperm Species,” Plant Molecular 

Biology Reporter (2009) 27:58-68. 

My contributions to this project include microarray analysis of M. truncatula 

transcriptional profiles in induced and uninduced root tips; quantitative analysis of whole 

mount in situ hybridization (WISH was done by Dr. HH Woo) of genes whose expression 
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are corresponding to border cell induction; and examination of border cell induction in 

Norway spruce root tips.    

Appendix F: Extracellular Proteins in Pea Root Tip and Border Cell 

Exudates  

The goal of this project was to identify extracellular proteins in pea root exudates 

and to study the function of these proteins in the resistance of pea to the soilborne pea 

fungal pathogen Nectria haematococca. After encountering the lethality of hairy root 

development as a result of altered root cap gene expression, the focus of this research 

turned to the analysis of extracellular molecules in root mucilage. A breakthrough was 

made for understanding the mechanisms of the root tip’s low infection rate when more 

than 100 species of extracellular proteins were identified by high throughput MudPIT 

protein identification technology. When the complex of the root cap secretome was 

proteolytically degraded, the root tip resistance to N. haematococca infection was 

abolished completely, with the percentage of infected root tips increasing from 4% ± 3% 

to 100%.  More than a dozen of defense-related and signaling enzymes known to be 

present in the plant apoplast were detected. The release of extracellular proteins can be 

induced by the induction of root cap turnover. A steady level of extracellular proteins is 

reached when maximum number of border cells is made. The result of this project 

suggests that a complex mixture of proteins secreted by the root cap and root border cells 

plays a critical role in protecting root tip from fungal pathogen infection. The results of 

this project were published in Plant Physiology (2007) 143:773–783, entitled 

“Extracellular proteins in pea root tip and border cell exudates”  
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 My contributions to the project include preparation of samples for protein 

identification through MudPIT high throughput technology done in the Arizona Cancer 

Center/Southwest Environmental Health Sciences Center Proteomics Core;  proteomic 

data analyses and organization to a publishable format; functional analysis of 

extracellular proteins through protease degradation and the impact of extracellular protein 

on the fungal resistance at the root tip; and immunolocalization of  the 14-3-3 protein to 

confirm its extracellular presence. 

 Appendix G: Proteins among the Polysaccharides-A New Perspective on 

Root Cap Slime  

Extracellular proteins, comprising 5% of the high molecular weight root mucilage 

are required to maintain the structure of the extracellular matrix, which is mainly 

comprised of polysaccharide molecules. India ink that can not penetrate the carbon 

particles clearly reveals the root mucilage matrix encasing a root tip and the mucilage 

capsule surrounding a border cell. Abiotic and biotic stimuli, such as the toxic aluminum, 

fungal spores, and bacteria increase the capsule of border cells at different levels.  A 

dramatic >50-fold increase in capsule size occurred on border cells of corn cocultivated 

in hydroponic culture for 7-10 days with a gram-positive bacterium (Bacillus sp.) found 

as a seed-borne epiphyte. Protease treatment used to degrade the secretome and abolish 

root tip resistance to infection also eliminates the mucilage matrix seen with India ink. In 

mammalian systems, one type of white blood cell, called a neutrophil, produces 

extracellular structures neutrophil extracellular traps (NETs) containing antimicrobial 

proteins to trap and kill pathogens. It is tantalizing to hypothesize that root cap and border 
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cell mucilage function analogously to NETs in protection of the root tip from infection. 

The trapped bacteria in the root mucilage can be seen by India ink assay. The discovery 

in Appendix H also supports this hypothesis. This supporting project resulted in a 

publication as an article addendum in Plant Signaling & Behavior (2007) 2:410-412 

entitled “Proteins Among the Polysaccharides: A New Perspective on Root Cap Slime”. 

 My contributions to the project include examination of root mucilages and 

changes in border cell mucilages caused by protease treatment and observed by using the 

India ink assay.  

 Appendix H: Extracellular DNA is Required for Root Tip Resistance to 

Fungal Infection  

In this project, we made the discovery that extracellular DNA (exDNA) is present 

in root mucilage and that it is required for root tip resistance to fungal infection.  exDNA 

was isolated from root mucilage though a routine phenol-chloroform extraction 

procedure, without killing any root cap or border cells.  Its presence in root mucilage and 

border cell capsule mucilage was also demonstrated through DNA histochemical staining 

of mucilage material. Digestion of exDNA with an endonuclease, DNase 1, during the 

inoculation of pea roots with N. haematococca, completely abolished the root tip 

resistance to the fungal infection. Treatment with an exonuclease, BAL31, which digests 

DNA more slowly than DNase 1, delayed the onset of fungal infection at the root tip. 

Although the mechanism of how exDNA is released into mucilage is unknown, different 

lines of evidence suggest that exDNA is made and secreted by living root cap and border 

cells.  Feeding root tips with 32P-dCTP for one hour resulted in release of 32P labeled 
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DNA. This is direct evidence for the function of root tip and border cells in metabolically 

processing and actively excreting of molecules. This result lends support to the 

hypothesis that the border cell 'factory' can be used to produce and deliver chemicals to 

the rhizosphere in order to alter the rhizosphere structure in favor of plant defense. As in 

neutrophil NETs where DNA is the major component, exDNA in root mucilage may 

work together with extracellular antimicrobial proteins and other polysaccharide 

molecules to trap and kill plant pathogens. This work will provide a framework for future 

studies to examine predictions of this model, and the role of exDNA in plant immune 

responses. The manuscript of this work has been submitted to the journal of Plant 

Physiology. I have given an oral presentation on part of this work at the American 

Society of Plant Biologists Western Region Meeting, Tucson, AZ, April 25-26, 2009. 

Additional work will be presented at American Phytopathological Society Annual 

Meeting, Porland, Oregon, August 1-5, 2009.  The extended abstract on part of the 

exDNA work I sent for the student oral competition has been accepted and I was selected 

to receive two travel awards from the American Phytopathological Society Foundation 

and from the Pacific Division of the American Phytopathological Society.   

My contributions to the project include extraction, cloning, and sequencing of 

exDNA; functional analysis of exDNA in fungal resistance by nuclease digestion during 

fungal spore inoculation; histochemical analysis of exDNA in mucilage and in border cell 

capsule mucilage; detailed examination of root tip-fungal interaction using N. 

haematococca expressing green florescent protein (GFP) (GFP transgenic fungus was 

made by Dr. GJ White) using optical and confocal microscopes; feeding root tip with 32P-
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dCTP to study the synthesis and secretion of exDNA.  Cloning and sequencing of 

exDNA revealed that the vast majority of exDNA are retroelements or repetitive DNA, so 

called ‘junk DNA’. Our study indicates that DNA can serve an important role in plant 

defense as in neutrophils.   
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APPENDIX C: INDUCIBLE EXPRESSION OF PISUM SATIVUM 

XYLOGLUCAN FUCOSYLTRANSFERASE IN THE PEA ROOT CAP 

MERISTEM, AND EFFECTS OF ANTISENSE MRNA EXPRESSION ON ROOT 

CAP CELL WALL STRUCTURAL INTEGRITY 
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APPENDIX D: IDENTIFICATION AND CHARACTERIZATION OF A 

RHIZOSPHERE Β-GALACTOSIDASE FROM PISUM SATIVUM L. 
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 APPENDIX E: SYNCHRONOUS ELICITATION OF DEVELOPMENT IN 

ROOT CAPS INDUCES TRANSIENT GENE EXPRESSION CHANGES 

COMMON TO LEGUME AND GYMNOSPERM SPECIES  
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APPENDIX F: EXTRACELLULAR PROTEINS IN PEA ROOT TIP AND 

BORDER CELL EXUDATES  
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APPENDIX G: PROTEINS AMONG THE POLYSACCHARIDES A NEW 

PERSPECTIVE ON ROOT CAP SLIME  
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APPENDIX H: EXTRACELLULAR DNA IS REQUIRED FOR ROOT TIP 

RESISTANCE TO FUNGAL INFECTION 
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