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ABSTRACT 

Root microbe interactions are initiated generally in the region of elongation while 

the root tip remains infection free. In this dissertation, the hypothesis that root border 

cells play a role in protecting the root tip from fringal infections was examined. 

When radicles of pea seedlings were inoculated with Nectria haematococca, the 

zone of elongation became infected in the majority of the samples {ca. 90%) but the root 

tips appeared infection free and continued to grow essentially normally. However, 

microscopic evaluation revealed that N. haematococca propagules germinated and 

colonized border cells, leading to the formation of "mantles" that ensheathed the root tip. 

The tip tissue, nevertheless, remained infection free. Removing border cells prior to 

inoculation with the fungus or retarding their separation increased tip infections. 

Additionally, exudates from fungus inoculated root tips inhibited fungal growth in vitro 

when compared to those from uninoculated seedlings. When root tip infection occurred, 

a strong correlation between tip infection and cessation of further root growth was 

observed. 

In response to root tip infection by N. haematococca, a concomitant induction of 

border cell separation and defense gene expression in the tip was observed, suggesting 

that border cell separation may be a previously unrecognized alternative defense strategy 

of the pea root tip. The results are consistent with the following model: The separation 

of border cells, together with the presence of an inhibitory compound in the root 

exudates, minimizes contact between the fungus and the root tip thus protecting the tip 



from infection. Under conditions when tip infection does occur, the active induction of 

renewed border cell separation serves to remove infected tissue from the apical meristem 

area. Plant mutants altered in border cell separation can be used in the future studies to 

definitively establish the role of border cells in plant health. 
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1.INTRODUCTION 

Plant microbe interactions play a pivotal role in determining and maintaining 

plant health. Interactions between above ground plant parts and microbes have generally 

not been shown to directly affect plant health except in the case of invasion by pathogens. 

In contrast, the root system has extensive beneficial interactions with soil microbes, 

which substantially influences the health of the plant. Some of the documented 

influences of microorganisms on the plant include changes in root morphology, root to 

shoot ratio, uptake of calcium and rubidium, uptake of phosphorous and sulfur, mineral 

content, rate of development and onset of flowering and crop yield (Rovira, 1965; 

Nicholas, 1965; Bowenand Rovira, 1961). 

Therefore, the root system serves its function of providing the necessary water 

and nutrients to the plant by establishing a complex system, which includes utilizing the 

services of soil microbes. Plants are known to release large amounts of nutrients which 

support a population of microorganisms in the zone of soil immediately adjacent to the 

roots. This zone of soil that is influenced by the released nutrients and is most important 

in the establishment of crucial plant microbe interactions is known as the rhizosphere. 

Studies of the rhizosphere and its inhabitants over the past 100 years have resulted 

in a plethora of reports of attraction, repulsion, growth stimulation and inhibition exerted 

by root exudates and other substances released by rhizosphere inhabitants. However, an 

understanding of the complex interactions that enable microbes and roots on how to 

mutually exist and benefit from each other is in its infancy. Therefore, further research is 
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needed to gain a comprehensive understanding of these interactions and to reveal yet 

unidentified mechanisms that may play key roles in mediating interactions between 

microorganisms and roots. Such knowledge will be necessary to devise strategies to 

manipulate the rhizosphere envirorunent for the betterment of plant health and crop 

production, as well as to improve associations between plant roots and soil inhabiting 

microorganisms of interest. The information given below is a summary of the known 

parameters that have been suggested to play important roles in governing root microbe 

behavior in soil. 

Rhizosphere 

Introduction 

The term "rhizosphere" was coined by Lorentz Hiltner in 1904 to refer to the 

region of the soil that is under the direct influence of the plant roots, as manifested by the 

leakage or secretion of substances that affect microbial activity (Curl and Truelove, 

1986). The size of the rhizosphere is generally estimated to be about 3-4 mm from the 

rhizoplane (the actual surface of the plant root together with any closely adhering 

particles of soil or debris) (Flores et al., 1996). However, its size will differ greatly 

according to variables such as soil porosity, temperature and moisture content (Curl and 

Truelove, 1986). 

Conservative estimations of the population size of microorganims in the soil 

indicate that 1 gram of fertile soil contains lo^-io' bacteria, 10^-10^ actinomycetes, 10^-



10^ fungi and lO'-lO^ algae (Nicholas, 1965). In the rhizosphere, this number is higher 

due to the enhancement of microbial activity in response to the root excreted substances. 

It is estimated that as much as 20-40% of the photosynthetically fixed carbon is 

eventually released into the rhizosphere (Whipps and Lynch, 1985; Martin, 1977). These 

substances released from the root can be grouped into four categories: leakages, 

secretions, mucilages and lysates. Leakages include the low molecular weight substances 

that leak directly from the cortical or epidermal cells and those that diffuse into the 

apoplast and exit to the root exterior. Secretions include compounds, which cross 

membrane barriers as a result of expenditure of metabolic energy. Mucilages vary 

considerably in origin and include those from the root cap, polysaccharide hydrolysates 

of primary cell walls, secretions from epidermal cells as well as root hairs and products of 

bacterial degradation of old dead cells. Lysates are those compounds, which are released 

due to autolysis of sloughed cells (Rovira et al, 1979). 

The main sources of root-excreted substances in healthy intact roots are the root 

cap and border cells. Additional sources include wounds on root hairs, epidermal cells 

and those caused during lateral root emergence. The root cap is known, predominantly, 

as a main source of mucilage and the developmental process of mucilage production has 

been well described (Sievers and Braun, 1996). Border cells, among other contributions, 

which are described in much detail later, have been implicated in the release of 

phosphatases in the rhizosphere of tomato allowing more efficient utilization of available 

phosphates (Rogers et al. 1942). Excretions due to wounding result in the release of a 



wide range of nutrients that could have profound effects on microbial growth (Frenzel, 

1960). 

Nature of root exudates 

Root exudates, as defined by Rovira et al (1978), include those substances that 

can be collected from roots or the rhizosphere of healthy intact plants. These include a 

diverse array of nutrients which vary from simple sugars, fatty acids and amino acids to 

complex carbohydrates, proteins, lipids and vitamins. Additionally, organic acids and 

specific enzymes that are useful in absorption and translocation of nutrient elements are 

released from the roots. The composition of root exudates differss according to many 

variables such as plant species, age, health and the external environment of the root which 

include temperature, soil compaction, pH and moisture content (Curl and Truelove, 

1986). 

Additionally, the types of substances released to the rhizosphere differ according 

to their origin on the root. This was clearly demonstrated by the differential growth 

patterns of a collection of amino acid auxotrophs of Neurospora crassa on roots of 

Helianthus. This work showed the sites of specific amino acid release with threonine and 

asparagine release, occurring from the root tip whereas leucine, valine, phenylalanine and 

glutamic acid were released from the root hair zone (Frenzel, 1960). McDougall (1968) 

used C'*' pulse labeling studies and demonstrated that most labeled compounds were 

excreted mainly from the zone of lateral root emergence. In later experiments, the 

specific site of release was localized to the root tip region (McDougall 1968, McDougal 



and Rovira, 1970). In fact, it was shown that while the nondiffiisible material was 

primarily released from the apices of primary and lateral roots, diffusible material was 

released from entire lengths of the roots (McDougall and Rovira, 1970). 

Plant control of root excretions 

Plant roots are thought to exert control over root exudation. One study conducted 

on plants grown in phosphorous deficient soil showed a strong positive correlation 

between root membrane permeability and root exudation, which coincided with higher 

mycorrhizal associations with the root. The establishment of successful mycorrhizal 

associations subsequently led to a corresponding decrease in membrane permeability 

indicating that roots may control exudation to mediate associations with soil microflora 

(Graham et al, 1981). Additionally, roots are known to excrete flavonoid molecules that 

induce nodulation genes in Rhizobium, the bacteria known to associate with legimie roots 

to carry out nifogen fixation. In alfalfa, such flavonoid production is known to be 

regulated by the available nitrogen with the enhancement of flavonoid biosynthesis genes 

under low nitrogen conditions (Coronado et al., 1995). Also, maintaining a nutrient rich 

environment around the roots allows the plant to support a variety of other beneficial 

microorganisms such as PGPR whose contribution to plant health is currently being 

characterized (Lynch, 1976; Van Loon et al., 1997; Ogoshi A, 1997). 

Maintaining a nutrient rich environment does not just support the growth of 

beneficial microorganisms around the soil; plant exudates also induce and stimulate the 

growth of detrimental microorganisms such as plant root pathogens. Therefore, plant 
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roots need to maintain a balance in the rhizosphere either by stimulating beneficial 

microorganisms and inhibiting pathogenic microorganisms or by evolving mechanisms 

that will allow interactions with beneficial organisms while protecting the plant root or 

essential components of the root from the effects of pathogenic organisms. 

Root-microbe interactions 

Mutualistic interactions 

Plant roots establish diverse relationships with soil inhabiting microorganisms 

such as fxmgi, bacteria and nematodes that are found within the rhizosphere. Some of 

these interactions are symbiotic and may be commensalistic or mutualistic. The best 

known and characterized mutualistic interactions occur between roots of leguminous 

species with Rhizobia and roots of most plant species with mycorrhizae, which result in 

the fixation of atmospheric nitrogen and in providing the plant with necessary 

phosphorous, respectively (Vance, 1996; Wilcox, 1996). Other mutualistic interactions 

are not well defined, but do occur between roots and PGPR (Plant Growth Promoting 

Rhizobacteria). The growth and survival of PGPRs are dependent upon the nutrients 

released from the plants as exudates while they directly or indirectly benefit the growth of 

the plant. Direct effects include secretion of plant growth promoting substances such as 

auxins and gibberellins that enhance plant growth. Indirect effects include the production 

of antimicrobial substances such as hydrogen cyanide and proteases that influence 
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pathogenic organisms present within the rhizosphere (Kapulnik, 1996; Kennedy, 1998; 

Kloepper, 1991). 

Pathogenic Plant-Microbe Interactions 

In the presence of such rich nutrients that are released into the environment, the 

growth of pathogenic organisms within the rhizosphere is also inevitable. But the 

occurrence of disease is suppressed by several mechanisms. Physical barriers present 

within the within the roots of woody plants such as thick cambium layers as well as 

competition with and interference by other microorganisms in the rhizosphere aid in 

restraining pathogenic organisms from damaging plant roots (Curl and Truelove, 1986). 

Also, biochemical reactions of the host such as phytoalexin synthesis and preformed 

chemicals have been shown to be effective methods of warding off pathogens (Cruishank, 

1963; Osborne, 1996). In fact, it has been suggested that phytoalexins may protect the 

plants from most parasites except those specialized to a particular host (Cruickshank, 

1963; Sweigard and VanEtten,1987). However, despite these defense mechanisms 

utilized by plants, pathogens have evolved to sense the presence of potential host plants 

and have developed mechanisms, to overcome host resistance mechanisms enabling them 

to establish effective pathogenic interactions with their respective hosts. 

Cultivated crop species and environmental factors significantly affect the size and 

the variety of pathogen populations found in a particular habitat, an important criteria in 

effective disease establishment (Weinhold, 1970; Rouatt et al., 1963; Curl and Truelove, 

1986). Also, the inoculum density of a particular pathogen required to produce disease is 
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important and varies widely among different pathogens and according to the type of its 

inoculum unit. A direct negative correlation has been observed between the size of the 

inoculum unit and the propagule density required for the occurrence of disease (Green, 

1969; Ko and Hora, 1971). For an example, to cause disease, pathogens that form 

multicellular structures (sclerotia) such as Sclerotium rolfsii, Rhizoctonia solani and 

Phymototrichum omnivorum are required to be present in less than one unit per gram of 

soil, whereas Fusarium solani f. sp. phaseoli and Thielaviopsis basicola that persist as 

thick walled resting structures, are required in more than 1000 inoculum units per gram of 

soil (Baker and Cook, 1982). 

The distribution, movement and colonization patterns of diverse pathogens such 

as bacteria, fungi and nematodes in the rhizosphere and the rhizoplane differ as do their 

modes of action during the onset of disease (Bowen and Rovira, 1976). This dissertation 

is focused on characterizing mechanisms involved in the localization of infection by 

fungal pathogens on plant roots. Therefore, the following discussion will be entirely 

focused on the interactions occurring between fungal pathogens and plant roots. 

Fungal pathogen-plant root interactions 

Types of fungal pathogens 

Pathogenic flmgi have been divided into two classes: unspecialized (competitive 

saprophytes) vs. specialized (facultative or obligate parasites) pathogens. The 

understanding of the evolutionary relationship betv/een unspecialized and specialized 
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pathogens is controversial. Some investigators argue that the development of an obligate 

parasite is the ultimate phase in pathogen evolution and that the most highly evolved host 

parasite relationships are those between ectotrophic mycorrhizas and forest trees (Harley, 

1968; Harley, 1969). However, recent reports of single gene changes resulting in the 

conversion of a pathogenic organism into an endophyte suggest the possibility that 

pathogens maintain the ability to optimize their survival by changing the nature of their 

interactions with plants (Freeman and Rodriguez, 1993; Redman et al, 1999). 

Unspecialized pathogens such as Fusarium solani, Pythium spp. and Rhizoctonia 

solani exhibit diverse host ranges and typically infects seedlings and young rootlets of 

older plants. They display very rapid growth and induce damage via the the production 

of cell wall degrading enzymes such as pectinases, cellulases and ligninases. By the use 

of such a destructive spectrum of weapons against its host, unspecialized pathogens 

attack host cells, thus evoking host resistance mechanisms. In most mature tissues of 

healthy plants, such defenses lead to the eventual limitation of the pathogen to the outer 

parts of the root. Therefore, complete surrender of the host to these types of pathogens 

only occurs under adverse conditions when the plant is compromised in evoking 

sufficient defense or in seedlings and in young rootlets (Garrett, 1970). In the absence of 

the host root, these fungi survive saprophytically on dead plant tissue. 

In contrast, specialized pathogens such as Gaeumannomyces graminis, 

Verticillium species and Fusarium oxysporum possess a low degree of competitive 

saprophytic ability, and continue to spread in plant tissue irrespective of plant defense 



induction. Due to their low saprophytic ability, in the absence of the host species, 

specialized pathogens survive mostly only as dormant propagules. At times some 

specialized pathogens/microbes such as Gaeumannomyces graminis are known to 

associate with their hosts for considerable periods of time without any apparent harm to 

the host plants (Garrett, 1970). 

Stimulation of pathogenic fungi in the rhizosphere 

Propagules of most pathogenic organisms survive in the soil in a quiescent stage 

due to lack of nutrients for growth (Schroth and Hildebrand, 1964; Lockwood JL, 1990). 

This dormant stage has been categorized into two types: constitutive (endogenous) or 

exogenous doraiancy. Relief from exogenous dormancy is facilitated by exogenous 

factors such as nutrients, temperatiu-e, soil moisture etc. whereas constitutive dormancy 

may only be relieved after removal of the toxins or germination inhibitors that govern the 

maintenance of dormancy in soil. Once the predisposing factor for constitutive dormancy 

is removed, these spores can germinate even without an exogenous energy source 

(Gottlieb, 1950; Sussman, 1966). 

In most soils, propagules in constitutive or exogenous dormancy exhibit a 

phenomenon known as ftmgistasis which is defined as the absence of germination of 

fungal spores even in the presence of factors such as moisture and temperature that are 

generally favorable to germination (Curl and Truelove, 1986; Dobbs and Hinson, 1953). 

The exact mechanism of flmgistasis is imclear but two types, microbial fungistasis and 

residual flmgistasis, have been described. Microbial fungistasis has been shown to be 



heat sensitive, and two hypotheses have been proposed to explain this relationship 

between microbial activity and flingistasis: (1) microbes can release germination 

inhibiting compounds and (2) microbial activity may deplete nutrients within the 

sporosphere, creating a nutrient diffusion gradient away from the spore (Lockwood, 

1964; Lockwood, 1977; Jackson, 1965; Watson and Ford, 1972, Balis and Kouyeas, 

1979). In contrast, residual fungistasis is thermostable and could be due to high acidity of 

some soils and/or to unchelated iron (Dobbs and Gash, 1965; Garrett, 1970). Also, some 

researchers have shown that volatile components released from the plant roots also can 

cause or maintain fxmgistasis in the soil (Linderman and Gilbert, 1975). 

The major factor relieving fungistasis of dormant propagules in the rhizosphere is 

the exudation of nutrient sources from plant roots. Most pathogen propagules respond to 

root exudates by germination and subsequent growth towards the plant root. The 

documented sources that act as germination signals for pathogenic propagules are soluble 

and non-soluble volatile exudates, sugars, amino acids, fatty acids and flavonoid 

molecules (Lockwood, 1964; Gorecki et al, 1985; Griebel and Owens, 1972; Nelson 

1991). The specificities of propagule germination by exposure to different root exudates 

and development of the pathogenic state will be discussed in more detail in Chapter Three 

and Four. 

With respect to the germination of pathogen propagules, the area of influence of 

the root exudates is thought to extend to a distance of about 1 mm even though greater 

distances have been reported (Papavizas and Davey, 1961; Lockwood, 1988). Reported 
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effects at distances greater than 5-10 mm are suggested to be due to volatile stimulants 

(Lockwood, 1988). 

Infection of host plants by fungal pathogens 

I. Inoculum potential 

Success of a particular infection, disease severity, is defined not by the 

germination of pathogen propagules but by two factors that relate to both the pathogen 

and the host: (1) inoculum potential of the pathogen and (2) the disease potential of the 

host (Baker, 1965). This concept of inoculum potential is not limited to infection of 

plants by fungi but applies to all pathogenic microorganisms within a rhizosphere. 

Disease potential is dependent on the fitness of the host and could comprise genetic traits 

as well as fitness of the plant at certain times in development or under varying 

environmental conditions. 

Many definitions for the inoculum potential have been proposed by different 

investigators (Garrett, 1950; Baker, 1965; Baker, 1978; Bouhot, 1979; Mitchell, 1979). 

The most accepted was proposed by Garrett who defined it as "the energy source of 

growth of a fungal parasite available for infection of a host at the surface of the host 

organ to be infected" (Garrett, 1956; Garrett, 1970). Baker attempted to improve this 

definition by incorporating environment as a factor that has a large influence on the 

inoculum potential (Baker, 1965). Therefore, inoculum potential is considered to consist 

of four components: inoculum density (number of propagules), the endogenous and 
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exogenous energy of the propagules per unit, the genetic virulence of the propagules and 

the abiotic or biotic environment as it affects the inoculum (Lockwood, 1988). 

Inoculum density is thought to have a direct correlation with the number of 

successful infections that occur in the host (Garret, 1970). However, the number of 

infections that occur is always smaller than the number of inoculum units at or near the 

host surface. Even though single units of flmgi are capable of initiating an infection, 

synergism is thought to play a role in establishing a successful infection. In fact, 

evidence for synergistic action has been demonstrated with Rhizoctonia solani (Benson 

and Baker, 1974). Similarly, with bacteria, production of antimicrobial compounds or 

pathogenicity related genes are known to be induced in a density dependent manner 

(Pierson et al, 1998). 

Of equal importance as inoculum density is the vigor of the infecting inoculum. 

According to Garrett (1970), this vigor is primarily determined by the nutrient status of 

the protoplasm in the apical regions of the germinating flmgus. Garrett (1970) and 

Lockwood (1988) both emphasize the importance of the exogenous energy in the 

establishment of a successful infection. On the root or in soil, exogenous energy is 

supplied by the root exudates. This energy is important in propagule germination, growth 

towards the plant root and during infection (Schroth and Hildebrand, 1964). The 

importance of the environment among all the above-mentioned factors was emphasized 

by Baker (1965) and Benson and Baker (1974) , who illustrated the effects of temperature 

on the inoculum potential of R. solani in causing damping off of radish. 
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n. Movement of pathogens towards the root 

Pathogens can be attracted towards the root in many ways. Some of these include 

motility of the organism and movement through water flow in the soil (Bowen and 

Rovira, 1976). Self-motile organisms such as zoosporic fungi, nematodes and flagellated 

bacteria, when assessed by in vitro studies, exhibit attraction towards the root through 

concentration gradients of nutrients and COj as well as electrical gradients created by 

excreted ions (Campbell and Benson, 1994; Khew and Zentmyer, 1973; Morris and Gow, 

1983). In addition, motile and non-motile fungi and bacteria may locate roots in soil by 

directed growth through chemotaxis or chromotropism (Garrett, 1970; Curl and Truelove, 

1986; Hawes and Smith, 1989). 

The modes of pathogen movement in the rhizosphere are not clear. Zoospores of 

some fungi display remarkable attraction to certain parts of the root based on in vitro 

studies. However, due to numerous restrictions in the soil for zoospore movement, such 

as encystment of zoospores in response to objects in its path and the discrepancy betw een 

soil porosity and the zoospore movement pattem, it is likely that their mobility in the soil 

may be quite limited (Bowen and Rovira, 1976; Griffin DM, 1972; Campbell and 

Benson, 1994). Most fungi in soil passively remain immobilized until a suitable substrate 

approaches but a few fungi such as Pythium spp. and Rhizoctonia solani have been shown 

to exhibit mycelial spread from one infected seedling to the next (Garrett, 1970). 

Additionally, it has been shown that propagules of R. solani placed as far as 50 mm from 



bean roots were able to cause disease, presumably due to their ability to grow towards the 

host plant (Henis and Ben-Yephet, 1970). 

III. Infection sites on the roots 

One common theme observed among many different pathogenic organisms is that 

the infection of the host occurs in the region of elongation while the root tip generally 

remains infection free. The region of elongation is comprised of maturing newly formed 

ceils that are undergoing enlargement and vacuolation while the root tip is comprised of 

the apical meristem and the root cap. Two hypotheses have been proposed to explain the 

apparent localization of infection in the region of elongation and the lack of infection at 

the root tip: (1) the zone of elongation is the primary site of root exudation, thus 

stimulating germination of resting spores and attracting pathogens to this area; (2) the rate 

of growth of the root tip allows the tip to grow past germinating spores thus evading 

infection. 

High exudation from the region of elongation is thought to stimulate germination 

and attract propagules of pathogenic organisms. Two types of evidence, generally, are 

presented in support of this hypothesis. (1) The demonstrations of the presence of 

ninhydrin positive substances from the region of elongation (Pearson and Parkinson, 

1961); (2) attraction of zoospores to the region of elongation under in vitro conditions 

(Zentmyer, 1961). However, the extent of the motility of the zoospores in soil is thought 

to be quite limited, which together with other reasons that will be discussed in detail in 

Chapter Two, raises many questions for the validity of this hypothesis. If root exudation 
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is a factor for the attraction of microorganisms to the root, root tips should also be highly 

attractive to pathogens, because root tips have been shown to be a significant source of 

exudation (Rovira, 1969; McDougall and Rovira, 1970). 

Of the two hypotheses proposed, the second may play a significant role in evading 

pathogens. However, certain beneficial organisms such as ectomycorrhizae are known to 

initiate interactions with the root from the root tip region which indicates that the 

interaction of this region with root microbes is not entirely absent (Fusconi, 1983). In 

addition, some Phytophthora and Fusaria species initiate infection on seedlings from the 

root tip region (Chi et al, 1964; Parkinson et al, 1963). Therefore, some sort of signal 

exchange that occurs between the pathogen and the root tips may mediate which 

organisms succeed in interacting with the root tips. 

Foster et al (1983) have proposed one hypothesis for the apparent lack of infection 

at the root tip. They state 

"Unlike the rest of the root surface, the root cap as seen in SEM is 

generally quite devoid of microbial colonies. This may arise because the 

cap cells are continuously renewed from within so that new surfaces are 

continually being exposed and any bacterial cells that have time to 

multiply are sloughed off into the soil with the cap cells." 

(Foster et al, 1983). 

Recent detailed study of root cap cell (border cell) formation has led to the 

understanding that the formation of these cells is a regulated process that is 
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developmentally and physiologically programmed (see below). In addition, these cells 

also have been shown to interact specifically with diverse soil microorganisms indicating 

that they are capable of playing a role analogous to that described. Therefore, the above 

mentioned hypothesis proposed by Foster et al. (1983) could operate in the soil and may 

contribute significantly in keeping the root meristem region free of infection by 

pathogenic organisms. 

Root border cells 

Experimentally, border cells are defined as those cells that can be released into 

suspension once the root tip is immersed in water. These are viable, metabolically active 

cells that are known to separate from the root cap and be released in to the external 

environment (Hawes and Brigham, 1992). Border cells were previously known as 

•'sloughed" root cap cells. To eliminate the negative connotation implied by the use of 

the word "sloughed" which is synonymous with "putrefied" and "gangrenous", the term 

"border cells" was introduced. This emphasizes the fact that these are viable cells which 

by their ability to separate from the root cap and the root tip region, form a distinct 

boundary between the root and the external environment (Hawes et al. 1998). They 

constitute a unique source of root exudates and have the ability to contribute to the 

rhizosphere in a significant manner as a nutrient source for microorganisms and also 

possibly to evade root infection by pathogenic organisms. 
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Once separated from the root cap, border cells are capable of independent 

behavior as exemplified by their ability to attract bacteria and fiingi in host-specific 

manners (Hawes et al, 1998). Additionally, upon differentiation of root cap cells into 

border cells, a global switch in gene expression occurs such that their protein profile 

becomes distinct from that of the root cap (Brigham et al., 1995a). Also, border cells 

have been shown to exhibit genotype specific behavior in response to microbial toxins 

such as victorin (Hawes MC, 1983). In soil, they have been shown to remain alive and 

exhibit cytoplasmic streaming at considerable distance from the root cap (Vermeer and 

McCulley, 1982) 

Border cell separation and release 

The origin of border cells lies within the root cap and in pea, border cells are 

produced by the activity of the root cap meristem. Meristematic cells within the cap give 

rise to statocytes that perceive gravity. These cells are eventually transformed into 

secretory cells at which stage they form and exude mucilage and eventually separate from 

the root cap (Braun and Sievers, 1996). This separation defines their role as border cells. 

Border cell formation is programmed in a developmental manner and, contrarary to 

previous beliefs is not a continuous process (Clowes, 1994, Foster et al, 1983). In pea, by 

the time the root is 1 nun long, the formation of these cells begins and as the root 

elongates to a length of 25 mm, a fiill set of cells comprising of about 4500 cells is made 

at which point further cell formation is terminated. Upon removal of this set of cells, new 

cells begin to accumulate within one hour and a full set is made within 24 hours (Hawes 



and Lin, 1990) . Most plant species except those in a few families such as Brassicaceae 

produce border cells and the number of cells produced daily by one species generally 

tends to be conserved (Hawes and Pueppke, 1986). Among the investigated species, the 

number of border cells per root varies from as few as 30 (in the family Solanaceae) to 

10,000 in cotton (Brigham et al., 1995b; Hawes et al., 2000) 

To accomplish the physical separation of border cells from the root cap and from 

each other, the middle lamellae that exist between plant cells needs to be degraded. 

Recently, a pectinmethylesterase (RcPMEl) has been characterized as being essential for 

border cell separation. The activity of this gene correlates with the initiation of border 

cell separation both developmentally and upon removal of the existing set and formation 

of a new set of border cells (Wen et al., 1999). 

Responsiveness of border cells 

Border cells are capable of sensing and responding to their external environment. 

This ability of the border cells together with their ability to separate from the root may 

contribute significantly to shielding the vulnerable root tip region from exposure to 

dangers from toxic substances or the harmful effects of pathogenic organisms. As an 

example, in response to toxic substances such as aluminum, border cells are known to 

form a mucilaginous layer which proposed to allow the binding of the aluminum ions 

thus sequestering the root tip from being exposed to this harmfril substance (Hawes et al., 

2000). 
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Border cell-microorganism interactions are diverse and occur in a species-specific 

manner. In response to infection by the com pathogen, Colletotrichum graminicola, 

border cells of com produce papillae, indicating that as singular cells they can sense the 

pathogens and initiate defense responses against them (Hawes et al., 1998). Similarly, 

isolated border cells of oats secrete a large mucilage layer in response to inoculation with 

pathogenic bacteria but not against non-pathogens, such as Escherichia coli (Hawes and 

Pueppke, 1985) 

With respect to plant mycorrhizal interactions, a strong correlation between the 

number of border cells made by a particular species of plants and its ability to interact 

with mycorrhizal fungi has been shown (Niemera et al., 1996; Arriola, L, 1997). 

Consistently, the family Brassicaceae as well as other plant families that produce low 

numbers of border cells have been shown to have very few associations with any 

arbuscular mycorrhiza. Together, these data suggest that border cells may play an 

important role in the interaction between mycorrhizal fungi and their host plants. In fact, 

it is known that border cells are colonized during initial stages of ectomycorrhizal 

associations with their host plants (Wilcox, 1996). 

In vitro studies have revealed that microorganisms exhibit differential reactions to 

border cells. Zoospores of Pythium dissotocum are specifically attracted to the border 

ceils of cotton but not those of Pythium aphanidermatum (Goldberg et al., 1989). Also, 

border cells of pea and alfalfa are known to induce nodulation (nod) genes of Rhizobium 

leguminosarum bv. viciae and R. meliloti in a dosage dependent maimer. In the same 



study, border cells did not induce the expression of phenazine biosynthesis gene of 

Pseudomonas aureofaciens indicating that gene induction by border cells is a not a non 

specific process (Zhu et al., 1997). 

Model System 

The model system of Pisum sativum and Nectria haematococca was used to 

investigate a possible role of border cells in the protection of the root tip fi-om fungal 

infection. 

Pisum sativum as a model system 

Pisum sativum has been used extensively to characterize the developmental and 

programmed release of border cells as well as in studies of interactions between plants 

and pathogenic flmgi. The specific information on border cell formation and release in P. 

sativum has been described in detail in the section above. 

P. sativum has been one of the model systems used to study interactions between 

plants and pathogenic organisms. One of the well-characterized defense responses of pea 

in response to pathogenic organisms is the synthesis of the phytoalexin, pisatin (Perrin 

and Bottomley, 1962). Phytoalexins by definition are low molecular weight secondary 

compounds that are synthesized by plants in response to microbe attack (Bailey and 

Mansfield, 1982, Paxton, 1981). In pea, phytoalexin synthesis has been shown to be an 

effective defense mechanism against non-pathogens but not against known pathogens of 

pea (VanEtten and Kistler, 1988; VanEtten et al, 1989). One characteristic that allows 
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the pathogenic organisms to be insensitive to pisatin is either due to their tolerance to this 

antibiotic or due to their ability to degrade it inplanta (Cruickshank, 1962; Christenson 

and Hadwiger, 1973; Nonaka, 1967; Wit-Elshove and Fuchs, 1971). The biochemical 

steps leading to pisatin formation have been characterized to some detail in P. sativum 

(Preisig et al., 1990) . 

Nectria haematococca as a model system 

I. Description 

Nectria haematococca Berk. & Br. (anamorph; Fusarium solani) is a fungus that 

belongs in the phylum ascomycota and the class pyrenomycetes (Booth, 1960; Booth, 

1971). It belongs in a genetically diverse group of fungi, which includes homothallic and 

heterothallic forms. Based primarily on mating habit, natural occurring heterothallic 

species of this fungus have been placed into six different mating groups (Matuo, 1972b). 

For this dissertation, primarily, an isolate (34-18) that belongs in the mating population 

VI (MP VI) which was selectively bred to be highly virulent on pea and highly fertile for 

use in genetic studies (Funnell et al, manuscript in preparation). 

Members of the MP VI population have been characterized as saprophytes or 

pathogens of nine plants and one animal species (VanEtten, 1978; VanEtten and Kistler, 

1988). Those members of MP VI that cause disease on pea have traditionally been called 

Fusarium solani "f.sp. pisC which reflects the fact that only the asexual form of N. 

haematococca has been identified from diseased pea plants. 



II. Distribution, disease symptoms and control 

F. solani f. sp. pisi was first described as a serious pathogen of pea in Minnesota, 

Wisconsin and in Europe around 1918 - 1923 but it is distributed worldwide presumably 

through movement of the fungus via dust contamination of seed (Kraft, 1989). In the 

field, F. solani f sp. pisi usually infects the cotyledonary attachment area, epicotyl and the 

hypocoty Is of pea, resulting in seedling collapse. This type of infection is commonly 

referred to as "foot rot" signifying the rotting of the "foot" region of the plant (Bywater, 

1959). In the roots, initial infections are known to occur in primary and secondary roots, 

which begin as reddish brown streaks that coalesce later in the season. Even though red 

discolorations have been reported to occur in the vascular system, the pathogen is rarely 

isolated from above ground parts, indicating that it does not spread systemically. The 

above ground symptoms of severely infected plants include graying, yellowing and 

necrosis of the lower foliage and stunted plant growth (Kraft, 1989) 

Disease caused by F. solani f sp. pisi may be managed by use of tolerant 

cultivars. Cultural practices such as good tillage to prevent soil compaction and promote 

favorable soil moisture and crop rotation aid in reducing the problems caused by this 

pathogen (Kraft, 1989). 

III. Disease cycle and epidemiology 

In natural soil, chlamydospores are known to be the primary survival structure of 

F. solani f. sp. pisi. Thy have been recorded to exhibit maximal germination 20-24 hr 

after pea seeds are planted in soil within a 7 mm radius of the seed (Cook and Snyder, 



1965; Short and Lacy, 1974). Initial infection by F. solani f. sp.pisi has been shown to 

occur via direct penetration or through the stomates on the epicotyl and hypocotyl with 

later spread into the root system. Disease occurs at soil temperatures of 18°C with an 

optimum of 25-30°C. Yield reductions due to disease caused by F. solani f. sp. pisi 

increase in response to inadequate crop rotation, soil moisture levels of 5-12 atm, excess 

soil compaction and low soil fertility (Kraft, 1989) 

IV. Sexual and asexual development of N. haematococca 

Asexual reproduction of N. haematococca is attributed to three spore types -

macroconidia, microconidia and chlamydospores. In rich medium, macroconidia 

predominate, while microconidia occur abundantly in liquid culture. Chlamydospore 

formation is induced in minimal media from mycelium or by conidial conversion. In soil, 

N. haematococca is thought to predominantly survive as chlamydospores, which 

germinate in response to a variety of cues such as sugars and/or unknown volatile 

compounds that are commonly contained in the root exudates. In addition, ethanol is 

known to stimulate the germination of N. haematococca chlamydospores and 

macroconidia (Cook and Flentje, 1967; Harman et al, 1987; Kraft, 1974; Loria and Lacy, 

1979; Short and Lacy, 1974; Smucker and Erickson, 1987; Whalley and Taylor, 1973). 

Sexual reproduction in N. haematococca isolates occurs via ascospore formation 

but has not been demonstrated to occur in the field except on branches of mulberry trees 

in Japan (Booth, 1960; Booth, 1971; Matuo and Snyder, 1972a; Matuo and Snyder, 

1972b). 
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V. Genetics of pathogenicity of N. haematococca 

N. haematococca is suitable for conventional genetic characterization and many 

genes that an play important role in pathogenicity have been cloned and characterized. 

One such gene is named PDA (gisatin demethylating ability) and allows the fungus to 

detoxify the phytoalexin pisatin during infection of pea. A survey of field isolates of N. 

haematococca (F. solani f. sp. pisi) has revealed that phytoalexin detoxification is 

essential for high pathogenicity on pea (VanEtten et al, 1980). The genetic disruption of 

this gene led to a decrease in virulence of N. haematococca on pea indicating its 

importance in pathogenesis (Wassman and VanEtten, 1996). 

Most interestingly, the PDA gene has been shown to reside in a conditionally 

dispensable chromosome (CD chromosome) that is approximately 1.6 Mb in size (Miao 

et al. 1991). Loss of this particular CD chromosome does not alter the axenic growth of 

N. haematococca but reduced its virulence on pea to the level equivalent to that of 

naturally occurring PDA- isolates (Wassman and VanEtten, 1996). 

Beside PDA, a series of other genes, PEP genes (PEa Pathogenicity), important 

for pathogenicity on pea have been elucidated. To date four different putative PEP genes 

have been characterized and functionally, three have been verified to play a role in 

pathogenicity of N. haematococca on pea (X Liu, Ph. D dissertation; HD VanEtten, 

personal communication). The organization and the GC content of these genes indicate 

that the CD chromosome may contain a cluster of genes that resembles pathogenicity 
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islands that have been characterized in bacteria (Liu and VanEtten, unpublished data). 

Such clues indicate that these genes may have been acquired horizontally by Nectria. 

This Study 

The current understanding of the development and the behavior of border cells 

allows the investigation of the role border cells may play in the interaction between roots 

and rhizosphere microorganisms. The primary goal of this dissertation was to investigate 

the role of border cells in the localization of infection to the region of elongation on plant 

roots during attack by fungal pathogens. The hypothesis of how border cells act to 

bestow this protection is outlined in cartoon form (Figure 1.1). Initial characterization of 

the localization of infection on pea roots by N. haematococca was conducted by Dr. 

Martha Hawes and continued by Ms. Hestor Bell, a rotation student in the laboratory of 

Dr. Martha Hawes 

My work for this dissertation was focused on designing and carrying out 

systematic analyses of the role of border cells in the localization of infection and the 

protection of the root tip from infection by N. haematococca. 

Chapter Two of this dissertation describes the results obtained in evaluating the 

hypothesis that root border cells play a role in the protection of the root tip from fungal 

infection. Results indicate that root infection by N. haematococca occurs in the region 

behind the root tip (at the time of inoculation) while the majority of the root tips remain 

infection free. However, a novel "infection" site of of N. haematococca on the border 
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Figure 1.1; Schematic diagram depicting how the separative ability of the border cells is proposed to aid in 

protecting the root tip from fungal infections. 



cells were observed and this was termed as "mantle" formation. Physiological 

manipulations indicated that border cell separation is important in protecting the root tip 

from infection by the root tip ensheathing N. haematococca. Additionally, it was shown 

that border cell separation is induced in coordination with defense genes, in response to 

infection of the tip tissue by N. haematococca. Therefore, in this chapter, data supporting 

the hypothesis that border cell separation aids in protecting the root tip from fungal 

infection is presented. 

Chapter Three describes the identification of a substance present within the loot 

tip exudates of N. haematococca-inocvXzitd pea roots that has an inhibitory effect on the 

in vitro growth of N. haematococca. These results overlay an additional layer to the 

results of Chapter Two to support the model that the synergism between border cell 

separation and the inhibitory substance present within the root exudates aid in inhibiting 

fungal access to the root tip thus delaying or protecting the root tip from infection by N. 

haematococca. 

Chapter Four focused on evaluating and describing the events leading to the 

formation of mantle around the root tips of pea. This was important because the mantle 

formation is a novel observation and the nature of its development (i.e. specificity) is not 

understood. In this context, (1) factors and the pattern of propagule germination in the 

root tip region as well as (2) the effect of N. haemtococca on border cells were evaluated. 

Section One of this chapter describes the germination induction of N. 

haematococca macroconidia by a substance present within the root exudates of pea. It 
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was determined that the macroconidia of N. haematococca germinates among the border 

cells 2-3 hours after inoculation in response to a novel highly polar substance present 

within the root exudates of pea. 

Section Two of this chapter describes the events leading to the colonization of 

border cells by N. haematococca. In response to the growth of N. haematococca spores 

in the root tip region, border cell viability decreased in a pathogen specific manner 

leading to the colonization of border cells by pea pathogens. The cause of decrease in 

border cell viability is not known but does not appear to be due to a toxin like compound 

or due to infection by N. haematococca. It is proposed that the decrease in border cell 

viability allows the colonization of border cells by N. haematococca, thus enabling the 

binding of the pathogenic propagules to these cells to physically separate them from the 

root tip region by the process of border cell separation from the root tip. 
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II: ROLE OF BORDER CELLS IN THE PROTECTION OF THE ROOT 

TIP FROM FUNGAL INFECTION 

Introduction 

Plant roots can be divided into four distinct regions: the root cap, the region of 

cell division (apical meristem), the zone of elongation and the region of maturation 

(Figure 2.1). The root cap and the region of cell division comprise the tip of the root 

(apical 2 mm), which functions in graviperception and generation of new ceils 

responsible for root growth. In pea, this region contains two different meristems, apical 

meristem and the root cap meristem which respectively gives rise to the body of the root 

and the cells of the root cap and border cells (Brigham et al, 1998) . In most plants, the 

cap surrounds the root apical meristem, and is thought to play a protective role for the 

meristem (Haberlandt, 1909). The newly generated cells of the apical meristem undergo 

cell elongation and consequently develop into adult cells in the region of maturation 

(Raven et al, 1986). 

Most root microbe interactions, whether pathogenic or symbiotic, are generally 

initiated in the region of elongation leaving the root tip devoid of microbes. Microscopic 

examination of roots grown in soil and has verified that the root tip remains devoid of 

microbes (Foster et al, 1983). Soil grown plant studies and in vitro investigations have 

also confirmed the phenomenon of a low density of microbes at the root tip and that 

region of elongation is the primary site of infection (Parkinson et al., 1963; Rovira, 1973; 
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Figure 2.1: A schematic diagram outlining the distinct regions of the root. 
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Rovira and Campbell, 1974). To explain this phenomenon, two main hypotheses have 

been offered. (1) The region of elongation is the primary site for release of root exudates, 

which induces the germination of resting spores and attract pathogens to this area. (2) 

Rate of root tip growth allows the tip to grow past germinating spores thus evading 

infection. 

The former hypothesis, that the region of elongation is the primary site of root 

exudation is supported by reports of release of high levels of ninhydrin positive 

substances (Pearson 2Uid Parkinson, 1961) and the observed preferential attraction of 

zoospores of certain oomycete fungi to this region (Zentmyer, 1961; Cunningham and 

Hagedom, 1961; Royle and Hickman, 1963). However, using the same assays as well as 

carbon labeling experiments, numerous other investigators have clearly shown that the 

root tip area also is a primary source of exudation (McDougall and Rovira, 1970; Schroth 

and Snyder,1961; Griffin et al., 1976) and that not all pathogens exhibit specific 

attraction to the zone of elongation. Zoospores of Phytophthora megasperma and 

Pythium dissotocum, for example, are specifically attracted to the root tip area of certain 

plants (Zentmyer, 1961; Goldberg et al,1989). 

Extrapolation of observations made under in vitro conditions to what occurs in 

soil is always risky. To compare the consistency between behavior of microorganisms 

under in vitro conditions to that in soil. Ho (1969) conducted a study to evaluate the 

accumulation of Phytophthora megasperma var. sojae on roots grown in soil. In vitro 

studies to examine the behavior of this pathogen had earlier established that it is mostly 
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attracted to the region of elongation (Hickman and Ho, 1966). In soil, this pathogen did 

not display any preferential accumulation to one part of the root but was found to be 

distributed all along the root (Ho, 1969). Therefore, in vitro assays based on attraction 

and accumulation of motile propagules, are not reliable measures of root exudation 

patterns let alone an explanation of localized fungal infection at the region of elongation. 

The second hypothesis has been formulated by considering the grouth rate of the 

root tip and the time required for the germination of resting pathogen spores by exposure 

to root exudates. Huisman (1982) argued that fungal spores with germination times 

exceeding six hours will not encounter the growing root tip to initiate an infection, but 

instead will encounter the region of elongation, thus leading to interactions with this 

region. However, studies with damping-off fungi and other species have shown that 

some fungi have spore germination times around two to three hours which could allow 

them to interact with the root tip (Nelson, 1991; Stanghellini and Hancock, 1971). 

Additionally, some Phytophthora species have been shown to initiate infection from the 

root tip indicating that this region does not entirely evade fungal infection (Parkinson, 

1963; Chi et al, 1964; Marks and Mitchell, 1970). Another important point that cannot be 

accounted for by this hypothesis is that many fungal spores may respond and germinate 

to volatile signals exuded from the roots that can stimulate the germination of spores 

lying significant distances from the growing root (Nelson, 1991; Huisman, 1982). 

Therefore, it is probable that germinating spores of some fiingi can encounter the growing 

root tip at a state when they are able to initiate an infection. 
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In summary, neither hypothesis fully accounts for the observed sterility of the root 

tip. Root exudation patterns or the growth rates of roots cannot fully account for the lack 

of infection or colonization of the root tip region by fimgi. Other factors must therefore 

play a role in the protection of the root tip firom colonization and infection by pathogens. 

In this chapter, the possibility that the root border cells which surround the root tip area of 

most plants play a protective role by suppression of root tip infection was examined. 

Previously known as "sloughed" root cap cells, border cells form a border 

between the root and the environment. The formation of these cells is developmentally 

programmed and occurs in a very consistent pattern in many diverse plant species. In 

pea, their formation begins by the time the root is 1 mm long and a full set of cells is 

made by the time the root reaches a length of 2.5 cm. If these cells are removed by 

immersing the root in water, in which instance these cells readily disperse into the 

environment, synthesis of a new set is initiated and is completed within 24 hours (Hawes, 

1998). These cells are viable and can survive for more than three months if supplied with 

appropriate nutrient media (Knudson, 1919). The function of border cells is unknown. 

Hawes and Brigham (1992) proposed that the separative ability of border cells 

from the root tip allows them to act as a "decoy", thus preventing attack of the young 

tissue of the root tip by pathogens. It is thought that as the root grows through the soil, 

release of exudates may stimulate resting spores of pathogens, which initiate infection of 

the border cells. However, these infected cells can separate from the vicinity of the root 

tip, thus removing pathogenic propagules from the root tip region. This may allow the 
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root tip to grow through the fungal infested areas without being infected. Consistent with 

such a hypothesis, Vemeer and McCulley (1982) evaluating the behavior of these cells in 

soil, reported that border cells are capable of remaining viable for some time in soil and 

that they detach from the root tip area and are released into the rhizosphere. 

The model system of pea (Pisum sativum) and the fungal pathogen Nectria 

haematococca (anamorph: Fusariiim solani f. sp. pisi) were used to investigate the 

possibility that the root tip is protected by border cells. 

Nectria haematococca (Berk. & Br) has been described as a pathogen of pea 

causing foot and root rot. In the field, generally, the perfect stage {N. haematococca) is 

not found and instead the imperfect stage, Fusarium solani f. sp. pisi is commonly 

recovered from the roots and stems of infected plants. Studies with Fusarium have 

revealed that disease severity is increased by soil moisture stress (Kraft, 1989). Also, 

interactions of pea plants with other organisms increase damage to pea roots in a 

organism-dependent manner. For example, virus infections of pea plants are known to 

e.xhibit a higher susceptibility to infection by F. solani f. sp. pisi (Falery and Lockwood, 

1964; Buete and Lockwood, 1968) 

This chapter describes results that are consistent with the hypothesis that border 

cells play a significant role in the protection of the root tip from fungal infection. 

Experiments carried out to evaluate the localization of infection of pea roots by N. 

haematococca revealed that the infection initiates in the region behind the tip while the 

root tip appears to remain infection free. However, microscopic examination revealed the 
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surprising discovery that the fungus colonizes the border cells around the root tip, but the 

majority of such tips remain infection free. Retardation of border cell separation and cell 

removal prior to inoculation with N. haematococca led to a higher rate of root tip 

infection development. Also, border cell separation was shown to be induced upon 

infection of the root tip tissue by N. haematococca. These experimental results are 

consistent with the possibility that the presence of border cells at the root periphery and 

their ability to physically separate from the tip play a significant role in protecting the 

root tip from infection. 

Materials and Methods 

Germination of seeds 

Pea {Pisum sativum) seeds of cultivar Little Mcirvel were surface sterilized with 

95% ethanol (10 minutes) and full strength bleach (30 minutes) rinsed thoroughly and 

were soaked in sterilized water for 6 hours. The imbibed seeds were spread on 

germination paper overlaid on 1% water agar and were incubated at 24°C for two days in 

the dark. For com, wheat and cotton, the seeds were surface sterilized by immersion in 

ethanol for 10 minutes and bleach for 10, 5 and 5 minutes each, respectively. The seeds 

were washed with sterile water and imbibed for 7 and 3 hours for com and cotton 

respectively and 30 minutes for wheat. Subsequent handling of the seeds was as 

described for pea. 



Throughout the paper, "root tip" refers to the apical 1-2 mm of the root tissue 

while the "upper region" refers to the area just behind the root tip at the time of 

inoculation (region of the root where infection by K haematococca occurs 

predominantly). 

Handling of fungal cultures and preparation of the inoculum 

Isolate 34-18 containing the conditionally dispensable (CD) chromosome of N. 

haematococca (Berk. & Br.) was used for all the experiments unless otherwise noted 

(Funnel et al, manuscript in preparation). Additionally, isolates 44-100 and 94-2-4, 

which do not contain the conditionally dispensable (CD) chromosome (Kistler, 1983 and 

Kistler and VanEtten, 1984), Mycosphaerella pinoides (Berk. & Bloxam), T417; Phoma 

pinodella (L.K Jones), T409; Ascochytapisi Lib., T422,- Thielaviopsis basicola and the 

N. haematococca field isolates ranging from high (T8, T23, T547) to moderate (T406) 

virulence on pea were also used in this study (Delserone et al, 1999; Matthew et al, 1988; 

HD VanEtten, University of Arizona, personal communication). 

Fungal culture maintenance and spore collection 

All fungal cultures were maintained on V8 juice agar (medium 29, Stephans, 

1974). For Thielaviopsis basicola, 0.1% glucose was added to the medium. All cultures 

were used when at least a week old. Conidia were rubbed from the surface, washed once 

in water by centrifligation (3500 g for 1 minute and resuspension in 1ml water) and were 

quantitated using a haemocytometer. The suspensions of P. pinodella, M. pinoides and 

Thielaviopsis basicola, spores were passed through two layers of cheesecloth to remove 



debris prior to washing and quantification as described above. For all the experiments, 

the spore concentrations were adjusted such that 50 jal of the suspension contained the 

desired number of spores. 

Inoculation of seedlings 

Infections were carried out in cellophane growth pouches (Mega International, 

Minnesota). Five seedlings with full sets of border cells were placed in bags containing 

15 ml of water unless otherwise indicated. Known amounts of spores were applied 

directly to the radicle of each seedling ensuring that the entire radicle was evenly 

inoculated. The location of the root tip at the time of inoculation was marked on the bag 

to allow quantification of further growth over subsequent days. Uninoculated seedlings 

were set up as controls exactly as described above except that equal volume of water 

instead of the spore suspension was applied to the radicle. The pouches were placed 

upright in plcistic containers and lightly covered with Saran wrap to prevent excessive 

drying. The containers were placed in the dark at 24°C unless otherwise noted. Every 

twenty-four hours, the pouches were taken out and the location of the root tip was marked 

on the bag. Three days after inoculation, the seedlings were visually scored for infection 

development at distinct sites. 

Inoculation of cotton, wheat and com were done by placing the seedlings on 

germination paper overlaid on 1% water agar. To evaluate for mantle formation, 

seedlings were inoculated with 10^ spores per seedling. 



53 

To inoculate seedlings without border cells, the cells were washed off prior to 

being placed in the bags by immersing the root tip in water and gently pipetting water 

onto the root tip to remove the cells. These were placed in growth pouches and 

inoculated, incubated and analyzed as described above. 

Evaluation of defense gene elicitation in the distinct root regions of N. haematococca 

inoculated seedlings 

Radicles of two-day-old seedlings with full sets of border cells were inserted in to 

growth pouches and were uniformly inoculated with the desired spore concentration of N. 

haematococca as described above. At specific time periods after inoculation, the root tips 

and the upper regions of the roots were isolated, immediately frozen and stored at -80°C. 

Isolation of total RNA was carried out using the Trizol method (Gibco BRL, cat # 15596-

026) with slight modification by including an overnight LiCl precipitation to remove 

contaminating DNA from the RNA samples (Sambrooke et al, 1989). 

To evaluate defense gene induction under border cell separation retarded 

conditions, seedlings were placed on germination paper overlaid on 1% water agar. 

Seedlings were inoculated evenly along the radicle with 10' spores and plates were 

incubated at 24°C in the dark for the appropriate time period. Other manipulations to 

recover RNA from the two distinct root regions were done as described above. 

RNA gel blot analysis 

Quantification of total RNA and gel blot analysis were done essentially as 

described by Sambrooke et al. (1989) using Magnacharge (MSI) membrane. Appropriate 
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probes (listed below) were labeled with by the random primer method (Feinberg and 

Vogelstein, 1983) using the Prime It II kit from Stratagene (Cat. # 300385). 

Hybridization was carried out at 42°C for heterologous probes and at 50°C for 

homologous probes using the Ultra Hyb hybridization buffer obtained from Ambion (Cat. 

# 8670). 

Density quantification of the signals obtained from the RNA gel blot analysis was 

done using the NIH image software program. Relative level means the ratio of the 

density values obtained for the signal of interest and that of the actin signal for the same 

evaluated RNA. 

Probes used in this study 

RcPMEl: 300 bp EcoRI/Styl fragment of RcPMEl gene of pea (Wen et al., 1999). 

PAL: 830 EcoRI/Hindlll subclone of PAL3; CHS: 1.27 kb fragment of the cDNA of 

alfalfa chalcone synthase gene; Glucanase: 1.4 kb fragment of the cDNA of alfalfa 

glucanase gene; (Samuel Roberts Noble Foundation, Inc., personeil communication). 

Chitinase: 1.1 kb fragment of the genomic clone of the chitinase gene from pea; obtained 

from Dr. Lee Hadwiger at Washington State University, Pullman, WA (Chang et al, 

1995). HMMl: 1.3kb cDNA clone of pea hydroxymaackiain 3-0-methyltransferase 

gene (Wu et al, 1997). Actin: 600 bp cDNA fragment of Arabidopsis thaliana actin gene 

(Huazhong Shi, Department of plant sciences. University of Arizona). 



Observation of mantle formation in sand and vermiculite grown pea seedlings 

Plastic cone shaped vials were filled with sand and two-day-old seedlings with a 

full set of border cells were inserted into a 2.5 cm deep indention made in the sand. The 

seedlings were directly inoculated with a spore suspension containing 10^ spores. These 

were covered with sand and the vials were loosely covered on top with aluminum foil. 

The vials were immersed to approximately two inches deep in water and were.incubated 

at room temperature for four days. At the end of the time period, the sand containing the 

seedling was gently pushed out and the sand was carefully separated by hand to reveal the 

root system. The roots were placed in water and were observed under a dissecting 

microscope at 60x magnification (Zeiss, SV8). 

The procedure used to observe mantle formation on pea seedlings grown in 

vermiculite was exactly as described above except that vermiculite was substituted for 

sand. 

Quantification of pisatin 

Five, two-day-old seedlings were inserted into each growth pouch containing 15 

ml of water and inoculated with 10^ spores per radicle as described above. The loosely 

covered pouches were incubated at 24°C in the dark and at specific time points, root tips 

and upper portions from 30 seedlings were pooled separately and immersed in 3 ml of 

hexane. The samples were shaken for 12 hours at room temperature at which point the 

tissue were taken out for drying to quantitate the dry weight. Then the hexane was 

evaporated and the resulting dried material was resuspended in 200 |il of hexane. This 



was again evaporated and the residue was resuspended in 50 nl of ethanol. This was 

subjected to reverse phase HPLC (High Performance Liquid Chromotography) analysis 

as described previously (DiCenzo GL, 1998). 

For the evaluation of pisatin accumulation in excised root tips, 30 root tips (for each time 

point) were excised from two-day-old seedlings, laid on germination paper overlaid on 

1% water agar and inoculated with lO' spores. Subsequent analysis of pisatin was done 

exactly as described above. 

Observation of mantle formation and quantification of root tip sterility 

Mantle formation was observed using a dissecting microscope at 10-60x (Zeiss, 

SV8). To evaluate root tip infection, after scoring for mantle formation, the root tips 

were gently wiped with a damp kimwipe to remove the mantle. The apical region 

(approximately 2-3 cm from the tip) of these roots was surface sterilized by immersing in 

2% sodium hypochlorite for approximately 2 minutes. These were rinsed twice in 

sterilized water and were placed on 1% water agar plates. Also, complementary trials 

were carried out by placing the surface sterilized roots on VS juice agar to ensure rich 

growth conditions to facilitate fimgal growth out of the root tips. After three days, ftmgal 

growth from the root tip on to the medium was observed visually and microscopically. 

Evaluation of the expression of pathogenicity genes of N. haematococca 

Root inoculation were done in growth pouches as described above. At 36, 48 and 

60 hrs after inoculation, root tips were cut, immediately frozen and stored at -80°C, if 

needed. Total RNA was extracted from the tissues using the Trizol method (BRL, Cat. # 



15596-010) with slight modification to include an overnight LiCl precipitation to remove 

contaminating DNA from the RNA samples. Resulting RNA was quantified using a 

spectrophotometer and Soft Pac (Nucleic Acids) software (Beckman Instruments). 

Two micrograms of RNA was reverse transcribed using Superscript II reverse 

transcriptase according to the first strand synthesis protocol provided (BRL, Cat. # 

18064-014). cDNA resulting from approximately 0.2 |ig of total RNA was used for PCR 

analysis. The primers to amplif>' the PEP (PEa Pathogenicity) genes and the Ergl gene 

were obtained from X Liu and HD VanEtten and the sequences are listed below. PCR 

conditions were as follows: 95°C, 5 min and 40 cycles of 95°C, Imin, 55°C,1 min and 

72°C for 2 minutes. Final extension was carried out at 72°C for 5 minutes. PCR products 

were analyzed in a 1.2% agarose gel with DNA visualization using ethidium bromide. 

Primers; Ergl : Forward 5'CTGAGCACGGCAGCAACACC3' Sc Reverse 

5 ACAGAGTAGGAAAGTCGA3". PEPl: Forward 5TGGCACGTCAAGGAGA 

AC3'. Reverse 5'TTGGCTTGGCTTCTGACTACC3'. Forward 5' 

CGAAACAATGGACCGGAT3' & reverse 5'T CTCGAAGTAGAAGCAGAAC3'. 

PEPS: Forward 5'TTCAAGCAATGTCGGAGCA T3' & reverse 

5GCTTGAAGAGGAACAG GATA3'. 

Determination of number of border cells on seedlings grown in different amounts of 

water. 

Two day old seedlings with a length of 2.5 cm were selected and inserted into 

growth pouches containing desired amounts of water. They were placed in plastic 



containers and incubated at 24°C in the dark for three days. The seedlings were taken out 

and border cells of the five seedlings in each pouch were washed off in to 1 ml of water. 

Border cells in 10 of this suspension were counted at lOOx magnification using a 

compound microscope (Zeiss, Germany). 

Evaluation of effect of retardation of border cell separation on the rate of root tip 

infection development 

Two-day-old seedlings with full set of border cells were inserted into growth 

pouches containing 7, 10, 12 and 15 ml of water. Inoculations were carried out as 

described earlier. Control (non inoculated) seedlings were inoculated with an equal 

volume of water instead of the spore suspension. Incubation, infection scoring and root 

length measurements were done as with other experiments. 

To quantify pisatin in inoculated seedlings grown under different water 

conditions, seedlings were handled as described above in the pisatin quantification 

section except that the seedlings were inserted into growth pouches containing 7 ml and 

15 ml water. 

Root lengthening was measured by marking the location of the root tip after 

inserting the seedlings into the growth pouches containing the desired amounts of water. 

Every 24 hours, the pouches were taken out and the location of the root tip was marked 

on the bag. 

Scoring system for infection evaluation 
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At the desired time period after initiation of an infection assay, scores of 0, 1,2 

and 3 were assigned to each of the inoculated and control seedlings after evaluating the 

condition of the root tip at the appropriate times. 0=No visible tip infection, 1= slight 

browning at the root tip, 2 = light brown lesion at the root tip, 3 = Dark brown/black 

lesion at the root tip (Figure 2.2). 

Staining of infected tips with Evans Blue 

The infected root tips were stained with 0.5% Evans Blue (dissolved in water) for 

15 minutes by immersing the root tips in the dye reagent. The root tips were washed 

thoroughly with distilled water and longitudinal sections were cut by hand. The staining 

patterns were then evaluated using a dissecting microscope. 

Treatment with the elicitor 

Elicitor was prepared according to the method of Hadwiger and Beckman (1980) 

with slight modifications (L Hadwiger, personal communication). Chitosan (Sigma) was 

dissolved in water and cleaved by exposure to glacial acetic acid for >12 hours. Then the 

fragments were neutralized by adjusting the pH to 6.0. The resulting mix (15 ml/pouch) 

was used in each growth pouch in which 5 seedlings were inserted for the root tips to be 

exposed to the elicitor solution. The control seedlings were inserted in to growth pouches 

containing water that was treated similar to the chitosan solution without the addition of 

the chitosan. At appropriate times after exposure, the root tips of the exposed seedlings 

were cut separately, immediately frozen and were stored at -80°C. RNA was isolated as 

described above. 
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Figure 2.2: Scoring method adapted to rate the types of root tip infections 

observed in seedlings inoculated with JV. haematococca 



Tissue processing for sectioning 

Roots of pea seedlings were inoculated with 10® spores of N. haematococca as 

described above. Three days after inoculation, the root tips were examined and roots with 

and without tip infections were fixed and dehydrated as described before (Guanggan and 

Rijkenberg, 1998). The tissue were embedded in Spurr's resin according to the 

manufacturer's protocol (Sigma, Cat. # 0-5500). The root tip tissue was sectioned at 1 

|j.m thickness. 

Results 

Localization of root infection by Nectria haematococca. 

When whole roots of pea were inoculated uniformly with N. haematococca at 10^ 

spores per radicle and incubated at 24°C, within three days, visible infections occurred at 

two sites: the zone of elongation and the root tip. Infections at these sites occurred at 

differing frequency with the majority of the infections, 90% +/-7, being localized to the 

zone of elongation at the time of inoculation (Figure 2.3). This type of infection was also 

observed when pea seedlings were inoculated with Phoma pinodella. Hereafter, this type 

of infection is referred to as infection at the "upper" region of the root. Within three days 

after inoculation, root tip infections occurred in 22 +/- 10 of the seedlings. The types of 

infections at the root tip ranged from light brown to dark brown/black lesions (Figure 

2.4), with a strong positive association, >80%, between brown /black lesions and 

inhibition of fiuther root growth (Data not shown). 



Figure 2.3: Localization of root 

infection by Nectria haematococca to 

the region of elongation at the time of 

inoculation. Similar localization of 

infection by Phoma pinodella is 

illustrated for comparison purposes. 

(A) Infection of the root by Nectria 

haematococca 

(B) Infection of the root by Phoma 

pinodella. 

Two day old seedlings with full sets 

of border cells were inoculated with 

10^ spores of N. haematococca and 

Phoma pinodella in growth pouches 

and incubated in the dark at 24°C for 

three days. The locations of the root 

tip at the time of inoculation (HE^ 

and infection development ( • 



Figure 2.4 : Root tip infections (arrows) caused by N. 

haematococca. (A) A seedling with a brown lesion at the tip 

and (B) a seedlings with a black lesion at the tip. 

Two-day-old seedlings with full sets of border cells were 

inoculated in growth pouches with 10^ spores of N. 

haematococca and incubated in the daik at 24°C for three 

days. The seedlings with root tip infections were removed 

from the pouch and were directly photographed. 
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Evaluation of the rate of defense gene induction in the of the upper and the root tip 

regions of N. haematococca inoculated roots 

A molecular analysis of infection development in the upper and the root tip 

regions was carried out by monitoring the rate of defense gene activation in these distinct 

regions of the root. In compatible interactions such as that occurs between N. 

haematococca and pea plants, defense genes are induced in plant tissue in response to 

infection and is thought to localize and prevent the spread of the pathogen (Cao et al, 

1994). Therefore, previously characterized defense genes, PAL, CHS, chitinase, 

glucanase and Hmml were used as markers for infection occurrence (Kombrink and 

Sommssich, 1997, Kombrink and Sommssich, 1995; Bestwick, 1997, Kombrink, 1995, 

Wojtaszek, 1997, Wu et al, 1997; Jackson and Taylor, 1996). In the upper region, 

defense gene activation was observed within 24 hours after inoculation with N. 

haematococca whereas it was delayed to 60 hours at the root tips (Figure 2.5A). 

Sorting of the N. haematococca inoculated root tips into two groups, those with 

visible lesions at the root tip and those without, and assaying for the pattern of defense 

gene activation clearly indicated that defense genes are only activated in tips with visible 

lesions (Figure 2.5B). This indicated that the delay in defense gene activation in the root 

tip in comparison to that of the upper regions, was entirely due to a delay in root tip 

infection development. 



Figure 2.5: Defense gene induction in the distinct regions of the root. 

(A) RNA gel blot analysis of defense gene induction in the root tip (left) and 

upper regions (right) of the root. 

(B) Root tip infection dependent induction of the defense genes. 

RNA gel blot (upper) and density scanning (lower) of root tips with lesions 

and root tips without visible lesions. 

Two day old seedlings were inserted into growth pouches and were inoculated 

with 10® spores of Nectria haematococca. At different times after 

inoculation,(A) the root tips and the upper regions and (B) the root tips with 

lesions and those without were excised for extraction of total RNA. The 

RNA was separated in a 1.2% denaturing agarose gel and was blotted onto 

nylon membrane. Fragments of two different defense related genes, chitinase 

and HMMl were ^"P labeled and were used as probes. Actin gene of 

Arabidopsis thaliana served 2is a control to ensure equal loading. 

Density measurements are given after normalizing for the loading as 

determined by the signal obtained with the actin probe. 
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Pisatin formation in roots of pea in response to fungal inoculation 

Since penetration of root tissue by pathogens leads to the production of 

phytoalexins in plants, the induction of the pea phytoalexin, pisatin, was assayed in N. 

haematococca inoculated roots to determine the rate of infection in these two different 

regions of the root. Phytoalexin accumulation was evident within 10 hr after inoculation 

in the upper regions of the root (Figure 2.6A). This result was consistent with the earlier 

reports of the rate of pisatin accumulation in pea cotyledons after inoculation with N. 

haematococca (DiCenzo, 1998). However, in the root tip, pisatin accumulation was just 

initiating at 37 hours after inoculation. Within this time period, uninoculated plants 

displayed no significant accumulation of phytoalexins. However, pisatin formation 

occurred within 12 hours when excised root tips were inoculated with 10^ spores 

indicating that root tips are capable of rapidly inducing pisatin formation in response to 

the flmgus (Figure 2.6B). 

Evaluation of the vulnerability of the root tips to N. haematococca 

To investigate whether root tips are vulnerable to attack by pathogens, the rate of 

root tip infection development was assessed under optimal conditions (28°C) for fungal 

growth and infection. Raising the incubation temperature of inoculated seedlings from 

24°C to 28°C (more favorable growth conditions for N. haematococca and possibly 

borderline heat shock conditions for the pea plant: Wood et al, 1998; Derocher et al, 

1991) and increasing the Inoculum concentration from 10® spores to 10^ spores resulted 

in, on average, increasing the development of root tip infections from 20% to 44% and 
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Figure 2.6: Rate of accumulation of the phytoalexin, pisatin, (A) in distinct 

regions of the root after inoculation with Nectria haematococca in growth 

pouches and in (B) excised root tips. 

Two-day-old seedlings were inoculated in growth pouches \v-ith 10® spores of 

Nectria haematococca and incubated in the dark at 24°C for the specified time 

periods. Upper regions and the root tip regions of thirty seedlings were 

excised and immersed in hexane for 12 hours. The hexane was evaporated 

and pisatin was quantified using standard methods. Controls consisted of 

roots of seedlings that were inoculated with water instead of the spore 

suspension. 

For evaluation of pisatin accumulation in excised root tips, 30 root tips (for 

each time point) were excised from two day old seedlings, laid on 

germination paper overlaid on 1% water agar and were inoculated with 10' 

spores. Subsequent treatments were done exactly as described above. Data 

represent results of one experiment. 
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68% respectively (Table 2.1). Statistical analysis reveals that these values are significant 

only at the 0.1 level but not at 0.05 level with the P values for the increased temperature 

and spore concentration being 0.05 and 0.08, respectively. 

To evaluate whether border cells may play a role in the rate of root tip infection 

development, border cells were removed prior to inoculation of the radicle with N. 

haematococca. As indicated by the data given in Table 2.1, the effect of increase in 

incubation temperature on root tip infection development was also significant only at 0.1 

level with a P value of 0.07. However, the effect on root tip infection development by 

increasing the inoculum concentration was significant with a P value of 0.03. No 

significant differences were observed between the two groups, those with a full set of 

border cells around the root tip (+BC) and those whose border cells were removed prior 

to inoculation with the fungus (-BC) under any of the conditions tested using the 

parameter of the percentage of root tips that developed infection. However, as shown 

later, a statistically significant difference between these two groups were observed at 10^ 

spore inoculations, when assessed by another parameter (see Table 2.8 below). 

Cytological evaluation of the root tip infections by N. haematococca 

Root tips were evaluated to verify that N. haematococca invades the root tip tissue 

and to explore the effects of infection on tip tissue. Cytological analysis verified that the 

fungus enters and grows throughout the terminal 1 mm of the root tip and causes 

extensive damage to the cells in the interior such as cell collapse (Figure 2.7). In some 

tips, formation of cell wall appositions in response to Nectria invasion were detected in 
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Table 2.1 : The effect of spore numbers and temperature on tip infection by N. 

haematococca 

tip tip tip 

infections infections infections 

(24®C) 

U
 

e e (24®C) 

10' spores 10'spores 10' spores 

+BC 22 +/- 10 55+-/- 15 52+/- 15 

-BC 33 +/- 8 61 +/- 10 74+/- 13 

+BC = Seedlings with a full set of border cells around the root tip at the time of 

inoculation. -BC = Seedlings whose border cells were removed prior to inoculation with 

N. haematococca. 

For 10' spore inoculations at 24°C, data represent mean values of nine different trials for 

+BC and five different trials for -BC. At 30°C, for both +BC and -BC, mean values of 

four different trials are represented. For 10^ spore inoculations, for both -i-BC and -BC, 

data represent mean values of seven different trials. 

Temperature (24°C vs. 30°C) effect on root tip infection development: 

+BC: P value: 0.05; -BC: P value: 0.07 

Spore concentration (10' vs. 10') effect on root tip infection development: 

+ BC: 0.08;-BC: 0.03 

Statistical analysis was done using Student's T test and paired analysis was used for the 

trials conducted simultaneously, two samples with equal variance analysis was used for 

trials conducted independently of each other. 
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Figure 2.7; Longitudinal sections of a root tip infected by Nectria 

haematococca. (A) Uninoculated and (B) infected root tips (lOOx 

magnification). 

Seedling inoculations in growth pouches were done as described in Materials 

and Methods with 10^ spores of N. haematococca. Three days after 

inoculation, root tips at different stages of infection were selected and 

embedded in Spurr's resin. Longitudinal sections were cut and stained with 

Toluidine Blue. Arrow heads indicate fungal hyphae and note the evidence of 

cell collapse in the infected tissue. 
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the outer regions of the terminal 1 ram of the root tip (Figure2.8). Also, when N. 

haematococca inoculated root tips were assayed for cell death using Evans blue, a dye 

known to stain dead cells of plants, a variety of cell death patterns in the root tip region 

was observed (Figure 2.9). In some tips, as indicated by the arrows, the entire 1-3 mm of 

the apex or the root cap selectively stained blue (C & D) where as in some, no cell death 

was detected (B). 

Mantle formation by N. haematococca 

Microscopic observation of the tip region of Nectria inoculated seedlings revealed 

a fourth site of infection. Within two to three days after inoculation, a mass of fungal 

hyphae existed around the root tip (Figure 2.10). These masses were called "mantles" 

due to their resemblance to the mantles formed by ectomycorrhizae (Horan et al, 1988; 

Fusconi, 1983). Three days after inoculation with 10^ spores, about 60% of the seedlings 

had developed such mantles. Despite the presence of the mantle, most root tips remained 

white and continued to grow at the same rate as the uninoculated roots. Mantle formation 

was observed in seedlings grown in sand, in vermiculite and on cultured hairy roots 

(Figure 2.11). 

Specificity of mantle formation by N. haematococca 

To evaluate the specificity of mantle formation, four different cultivars of pea. 

Early fi-osty, Lincoln, Progress 9 and Green arrow were inoculated with 10*^ spores of 

Nectria. Within three days after inoculation, N. haematococca formed mantles on all four 

cultivars of pea tested. However, it did not form mantles on wheat, cotton or com. N. 



Figure 2.8; Cross section of the root tip region of a seedling root 

which displayed a brown/black lesion at the root tip. 

Two day old seedlings were inoculated with 10^ spores on water 

agar plates and were incubated in the dark at 24°C for three days. A 

seedlings with a brown/black lesion at the root tip was chosen and 

was stained with Evans Blue by immersing in 0.5% dye solution for 

15 minutes. The washed root tip was sectioned crosswise 

approximately Inun from the apex and was observed under a 

dissecting microscope at 50x magnification (Zeiss, SV8). 
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Figure 2.9: Different kinds of cell death patterns exhibited by root tips that were infected 

by N. haematococca. (A) Whole root tip of an uninoculated seedling and (B, C, D) 

longitudinal sections of N. haematococca infected roots after staining. 

Two day old seedlings laid on 1% water agar were inoculated with 10^ spores of N. 

haematococca and incubated in the dark at 24°C for three days. Root tips with diverse 

types of lesions were chosen and immersed in 0.5% Evans Blue for 15 minutes. The tips 

were washed thoroughly with water and examined under a dissecting microscope at 60x 

magnification for B & D and 40x for A and 20x for C (Zeiss, SV8). Blue staining 

indicates cell death. 



Figure 2.10: Mantle (arrow) formed by N. haematococca around a root tip 

of pea. 

Two day old seedlings with full sets of border cells were inoculated in 

growth pouches with lO' spores of N. haematococca and incubated in the 

dark at 24°C for three days. The seedlings were removed from the pouch, 

immersed in water and were observed under a dissecting microscope at 60x 

magnification (Zeiss, SV8). 
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Figure 2.11: Mantle (arrow) formation in seedlings grown in (A) sand and on (B) 

hairy roots. 

Plastic cone shaped vials were filled with sand and two day old seedlings with a full 

set of border cells were inserted into a 2.5 cm deep indention made in the sand and 

treated with a spore suspension containing 10^ spores. These were incubated at 

room temperature for four days and the sand containing the seedling was gently 

pushed out and carefully separated to reveal the root system. The roots were placed 

in water and were observed under a dissecting microscope at 60x magnification 

(Zeiss, SV8). 

For hairy root inoculations, hairy roots resulting from wildtype Agrobacterium 

rhizogenes inoculated stem segments were inoculated with 10'* spores per hairy root 

laid on root culture medium. Two days after inoculation, the root tips were observed 

under a dissecting microscope at 60x modification to determine for the mantle 

formation. 



haematococca colonization/infection of border cells of pea is shown in Figure 2.12 and 

no obvious physiological effects such as cell collapse in the root tip tissue due to border 

cell colonization by N. haematococca was seen (Figure 2.13). 

The 34-18 isolate of N. haematococca contains a conditionally dispensable (CD) 

chromosome that harbors genes necessary for high virulence on pea (Wassman and 

VanEtten, 1996). To evaluate whether these genes are necessary to form mantles, pea 

seedlings were inoculated with two isolates, 44-100 and 94-2-4, which do not contain the 

CD chromosome. Evaluations indicate that these isolates form mantles around pea root 

tips identical to those formed by 34-18. Also, four different field isolates of N. 

haematococca, highly (T8, T23, T406) and moderately (T547) virulent on pea, were 

evaluated for mantle formation. One of the isolates,T406, displayed a morphological 

difference in mantle formation. For example, hyphae comprising the mantle were very 

long and created one that is similar to a "beard" (Figure 2.14). T8 formed large mantles 

similar to that of the 34-18 isolate. T23 and T547 made less developed mantles than the 

other isolates, but large mantles were observed in root tips that were developing lesions. 

Specificity of mantle formation by other pea pathogens 

To evaluate the specificity of mantle formation on pea root tips a spectrum of 

root pathogens, both pathogenic and non-pathogenic on pea were used. Phoma pinodella, 

Mycosphaerella pinoides and Ascochyta pisi were utilized as representative pea 

pathogens. A tobacco root infecting strain of Thielaviopsis basicola was used as the non-

pathogen. Ascochyta pisi formed mantles virtually identical to those formed by Nectria 



Figure 2.12: Cross section of a mantle formed by Nectria haematococca. 

(A) The entire mantle (lOOx) and (B) a closer view of the N. haematococca 

infected border cells (200x). 

Seedling inoculations in growth pouches were done as described in Materials 

and Methods with 10® spores of N. haematococca. Three days after 

inoculation, root tips with mantles were selected and embedded in Spurr's 

resin. Longitudinal sections were cut and stained with Toluidine Blue. 

Fungal hyphae (. ) and border cells ) 



82 

r'.-v' ^ 
-ifi* »v '  'v\ ' .  lf*\  

jQv; /. ,'.sS-?i • 
J iV 

*•*'••• ? 'iv- -

.;r/- •/^:.--*^^v^ 

• • -C -< ' •- • %«. *1 
. y-̂  "• '• J/?!••. '*7. * 
^--.X". jfc* '.V* — ••' 

'S' J <r V . -JS-!^ V'.--.^. > J* 

8 '̂:<f'-m 
%X'a.  A m 



83 

Figure 2.13: Illustration of the lack of any physiological effects of border cell 

colonization on root tip tissue. (A) Root tips of an uninoculated seedling. (B) 

Root tip wdth a mantle. 

Seedling inoculations in growth pouches were done as described in Materials 

and Methods with 10® spores of M haematococca. Three days after inoculation, 

root tips at different stages of infection were selected and embedded in Spurr's 

resin. Longitudinal sections were cut and stained with Toluidine Blue. Fungal 

h y p h a e  (  )  a n d  m a n t l e  ( )  
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Figure 2.14; Unusual mantle like structure formed by N. 

haematococca field isolate, T 406. 

Two-day-old seedlings with full sets of border cells were inoculated 

with 10^ macroconidia of T406 in growth pouches and incubated at 

24°C in the dark for three days. The root tips of inoculated 

seedlings were observed under a dissecting microscope at 60x 

magnification (Zeiss, SV8). 
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while Mycosphaerella and Phoma formed mantles that were smaller and less developed 

than those of Nectria haematococca. However, large mantles were observed in root tips 

that were being infected by these two fimgi. All three fimgi exhibited infections at the 

zone of elongation similar to those of Nectria haematococca. In contrast, Thielaviopsis 

basicola did not form mantles around pea roots and did not infect the upper regions of the 

root or the root tip (Table 2.2). 

Evaluation of the expression of pathogenicity genes by N. haematococca during the 

formation of the mantle 

One possible explanation for the observed sterility of the root tip despite the 

presence of the fungus around the root tip could be that the fungus does not express its 

virulence genes during colonization of border cells and the formation of the mantle. To 

assess whether N. haematococca is fully virulent during its growth in the mantle, the 

expression proHle of its pathogenicity genes (PEP: PEa Pathogenicity) were evaluated. 

These genes are contained in the CD chromosome of N. haematococca and are known to 

play a role in the high virulence of this pathogen on pea (HD VanEtten, personal 

communication; X Liu, Ph.D dissertation, Wassman and VanEtten, 1996). 

Total RNA isolated fi-om root tips at different times after inoculation with the 

fungus was reverse transcribed. The resulting cDNA was used, first, to assess the ability 

to detect fungal transcripts from the N. haematococca inoculated root tip tissue by 

monitoring for the amplification of the N. haematococca Ergl gene (T. Harper and MJ 

Orbach, unpublished results). Ergl is involved in ergosterol synthesis which is the 



Table 2.2; Specificity of mantle formation 

Fungus Mantle formation Infection at zone of 

elongation 

Nectria haemalococca * +++ Y 

Ascochyta pisi* +++ Y 

Phoma pinodella* + Y 

Mycosphaerella pinoidcs * + Y 

Thielaviopsis hasicola * * - N 

)ata gathered from two trials conducted with 15 seedlings for each treatment. +++ = Large mantles, + = 

smaller mantles, - = No mantles, Y = infection at the region of elongation, N= No infection at the region of 

elongation. * = Pathogens of pea. ** = A non pathogen of pea. 

00 
00 
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prominent sterol in most fiingi and absent or present at very low levels in plant tissue 

(Weete, 1974). Ergosterol content in infected or fungus colonized plant tissue has been 

used to estimate fungal biomass by many different investigators (Seitz et al, 1977; 

Salmanowicz and Nylund, 1988). The amplification of Erg I transcript of the expected 

size, 450 bp, from the RNA recovered from root tips was successful indicating that the 

fungal transcripts are present in a high enough level in the RNA samples for PGR 

detection (Figure 2.15). 

The same cDNA was used to PGR amplify three different PEP genes {PEP 1, 

PEP 2, and PEP 5) using primers specifically designed to amplify each of these genes (X. 

Liu and VanEtten, unpublished). As with Ergl, amplified bands were observed with 

PEP2 and PEP 5 (expected sizes, 362 bp and 643 bp respectively) but no clearly 

detectable level of expression was exhibited by the PEP J gene from the RNA extracted 

from the root tips of N. haematococca inoculated roots as early as 36 hours after 

inoculation (Figure 2.16). When the 24-hour time point samples were later tested, 

expression of PEPS but no expression of PEPl and 2 were detected as early as 24 hours 

(Data not shown). Since root tips are not invaded by N. haematococca as early as 36 

hours after inoculation, these data are consistent with the possibility that N. 

haematococca is virulent while forming the mantle around the root tip. 

Evaluation of the interactions between the mantle and the root tip 

When some seedlings with mantles were immersed in water and gently agitated or 

gently squirted with water, the mantle could be seen to separate from the root tip (Figure 
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Figure 2.15: Expression of the Erg J gene of Nectria haematococca at different time 

points after inoculation of radicles of pea seedlings with spores of N. haematococca 

(I). Amplification from water inoculated control samples are indicated by (C). 

Two day old seedlings containing a full set of border cells were inoculated with 10^ 

spores of N. haematococca and root tips were recovered at specific time points after 

inoculation. Control (C) denote amplification using RNA isolated from water 

inoculated seedlings instead of the Nectria spore inoculated (I) seedlings. Total 

RNA was isolated from the root tip samples, reverse transcribed and used for PGR 

amplification using specific primers (X. Liu and VanEtten HD, impublished) to 

amplify cDNA of the Ergl gene. Resulting samples were run on a 1.2% agarose gel 

and fragments were visualized by ethidium bromide staining. 
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Figure 2.16: Expression of {A)PEP 1, (B^) PEP 2, (C) PEPS genes of Nectria 

haematococca at different time points after inoculation on radicles of pea seedlings with 

spores of N. haematococca (I) and water (C). 

Tvvo-day-old seedlings containing a full set of border cells were inoculated with 10^ 

spores of N. haematococca and root tips were recovered at specific time points after 

inoculation. Total RNA was isolated from the root tip samples, reverse transcribed and 

used for PCR amplification using specific primers (X. Liu and VanEtten HD, 

unpublished) to amplify cDNA of the PEP 1, 2, and 5 genes. Resulting samples were 

run on a 1.2% agarose gel and fragments were visualized by ethidium bromide staining. 

Control (C) denote amplification using RNA isolated from water inocxilated seedlings 

instead of the Nectria spore inoculated (I) seedlings. lOObp ladder (M) was used to 

ensure the agreement between expected sizes and the size of the fragments obtained by 

amplification of each gene. 
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2.17). When such a separated mantle was placed on culture medium, proliferation of 

hyphae from the mantle occurred. In contrast, no hyphae emerged from the root tip (not 

subjected to surface sterilization) that previously had the mantle around the its tip. 

However, if an infected root tip, as judged by the presence of a brown/ black lesion at the 

root tip, was placed on the cultiure medium, prolific flingal growth occurred from the root 

tip. Also, in one instance a seedling's fungus infested border cells were seen attached to 

the upper parts of the root while the root tip continued to grow and remain infection free 

(Figure 2.18). Around the root tip, a set of border cells, visually determined to be 

infection free was observed. These cells are most likely newly emerged cells in response 

to the separation of the other fungus-infested cells. 

Seedlings inoculated with 10' and 10® spores were used to quantify the degree of 

sterility in root tips with a developed mantle. Three days after infection, the number of 

root tips with mantles was quantified and all the root tips were gently wiped with a 

kimwipe, surface sterilized by immersion in 2% bleach solution for appro.ximately 2 

minutes and were placed on agar medium. Root tip sterility was assessed by evaluating 

for fungal growth out of the root tips (Figure 2.19). When seedlings inoculated with 10^ 

spores per radicle were evaluated, out of the 77% of root tips that developed mantles, a 

majority, 70%, displayed no evidence of root tip infection by K haematococca (Table 

2.3). Similar results were also obtained with seedlings inoculated with 10® spores per 

seedlings but in these lesser percentage of root tips were shown to be sterile indicating 

that at higher inoculum concentrations, Nectria infects root tip tissue at a faster rate. 



Figure 2.17: Separation of the mantle from the root tip when an inoculated 

seedling was immersed in water. 

Two day old seedlings were inoculated in growth pouches with 10^ spores 

of Nectria haematococca and incubated in the dark at 24°C for three days. 

The seedlings were removed from the pouch and immersed in water and 

were observed under a dissecting microscope (40x). The root tips were 

gently agitated gently by squirting water onto the root tip with a Pasteur 

pipette. 



Figure 2.18: Illustration of border cell mantle detachment during root growth. 

One of the Nectria haematococca inoculated seedlings, in growth pouches, 

demonstrated the shedding of the fungal infested border cells and the continual 

growth of the root tip which remained infection free and contained newly 

emerged border cells at the root tip. The seedlings was inoculated with 10^ 

spores of N. haematococca three days prior to observation. (B and D) Close up 

view of the infected border cells. (C) Close up view of the root tip which had 

newly formed uninfected border cells. 
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A  B  C D  

Figure 2.19: Assaying for root tip infections. (A) Root tip that had a large mantle. (B) 

Root tip which did not contain a mantle. (C) Root tip with a large mantle and a very 

small light brown lesion. (D) Root tip with a large black lesion. 

Two-day-old seedlings with full sets of border cells were inoculated in growth 

pouches with the 10^ spores of Nectria haematococca and incubated in the dark at 

24°C for three days. The seedlings were taken out of the pouches and were examined 

under a dissecting microscope (Zeiss, SV8) to determine the mantle formation. The 

mantles were removed by gentle wiping of the root tip with a kimwipe and the root 

tips were surface sterilized by immersing in 2% commercial strength bleach for 1-2 

minutes. The root tips were washed thoroughly with sterile water and laid on V8 juice 

agar to observe for fungal growth out of the root tips. The plates were incubated at 

room temperature for two days and observed for fungal growth out of the root tips. 



99 

Table 2.3: Quantification of the rate of mantle formation and root tip sterility 

Inoculum 

concentration 

% of root tips 

with mantles 

% of root tips 

without 

infection 

10^ sp 77 +/- 4 70 +/- 6 

a
 

<« o
 90 +/- 3 30 +/- 16 

Data gathered from two trials conducted with 15 seedlings for each trial. 
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Effect of retardation of border cell separation on the frequency of root tip 

development 

The observed sterility of majority of the root tips with mantles led to the 

hypothesis that border cell separation may play an important role in limiting fungal 

access to the root tip. Fungal colonization of the border cells may allow the shedding of 

pathogenic fungal propagules during the normal process of border cell separation leaving 

the root tip tissue free of infection. Therefore, inhibiting the separation of border cells 

will be predicted to increase the rate and/or fi*equency of tip infection. Due to the wide 

range in the degree of root tip infections, a systematic scoring system was adapted to 

visually quantify tip infections (Materials and Methods). This assay made it possible to 

evaluate the impact of factors affecting cell separation on the ability of the root tip to 

escape infection. 

Border cell separation occurs only when sufficient water is available to hydrate 

the mucilage containing the cells and thereby promoting their separation from the root tip 

and from each other (Hawes and Brigham, 1992). This offered an opportunity to 

investigate whether border cell separation can be limited by decreasing the amount of 

water applied to growth pouches used for the infection assays within a physiological 

range. Decreasing the amount of water firom 15 ml to 12, 10 and 7 ml per pouch did not 

result in any changes in root growth (Table 2.4). The seedlings grown in altered water 

conditions (7 ml vs. 15 ml) accumulated pisatin in the roots at the same rate indicating 

that they were capable of inducing a defense reaction and were not compromised in 



Table 2.4: Properties of seedlings grown in different water conditions 

Treatment Root Length (cm) U of Border Cells 

per Seedling 

7 ml 5.8' 5970* 

10 ml 5.3' 5524' 

12 ml 5.2' 2825" 

15 ml 5.0' 2489" 

Data gathered from five independent trials for each parameter. Root length and 

cell numbers were quantified three days after inoculation. For statistical comp 

arc sin transformation was used. Different letters beside the numbers indicate 

statistical differences as evaluated by Analysis of Variance (ANOVA). 
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responding to stress conditions (Table 2.5). However, reducing available free water 

severely retarded border cell separation. When quantified at three days after inoculation, 

seedlings grown in 7 ml and 10 ml water essentially retained a full set of cells around the 

root tip where as in seedlings grown in 15 ml and 12 ml water had approximately 33% of 

the normal set of cells (Table 2.4). The alteration of border cell separation in seedlings 

grown in these two water conditions is shown (Figure 2.20). 

When seedlings were inoculated with N. haematococca under border cell 

separation retarded condition, root tip infections increased. With either 10^ or 10^ spores, 

a statistically significant difference in root tip infections was observed in seedlings grown 

under 7 ml vs. 15 ml water (Table 2.6). This result was obtained whether intensity of 

root tip infection was evaluated using either percentage of infected root tips or the visual 

scoring system adapted to rate the intensity of the tip infections. However, there was no 

difference in root length in inoculated seedlings subjected to the different water 

treatments. The data obtained with 10 ml and 12 ml water treatments, did not behave 

similarly even though border cell separation of these two treatments were similar to that 

of 7 ml and 15 ml treatments, respectively. However, the percentage of seedlings that 

developed infections with 10 ml water treatment was significantly different from that of 

both the 7 ml and 15 ml treatments. But this difference was not extended to evaluation 

by the scoring method. 
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Table 2.5: Pisatin amounts present in the roots of seedlings grown under 
different water conditions. 

Hours after Pisatin amount (nM) Pisatin amount (nM) 
inoculation per mg of root per mg of root 

7 ml water 15ml water 
6 0.04 0.1 
10 0.73 0.76 
14 1.5 1 
18 1.9 1.2 
24 3.4 2.2 

Data gathered from three seedlings that were inoculated with 10® spores 

per radicle in growth pouches and incubated in the dark at 24°C for the 

specified time periods. The resulting pisatin amount was quantified 

according to previously described methods. 



Figure 2.20: Retardation of border ceil separation. (A) Seedling grown in 7 

mi water and (B) in 15 ml water. 

Two-day-old seedlings with full sets of border cells were inserted into 

growth pouches containing 7 ml and 15 ml water and incubated in the dark 

at 24°C for three days. The seedlings were removed from the pouches, 

immersed in water and observed under a dissecting microscope at 60x 

magnification (Zeiss, SV8). 



Table 2.6: Properties of Nectria haematococca inoculated seedlings grown under altered border cell separation 

conditions. 

Treatment % infections 

(Seedling with a score of 

>1) 

Infection Rate 

Average score 

Root Length (cm) 

10'spore.s 10"spores 10^ spores 10° spores 10^ spores 10° spores 

7 ml 54.5" 78.9' 1.14" 1.82" 5.3"'' 47"b 

10 ml 30.4" 59.6^ 0.58" 1.44"*" 5.4"'' 4.3" 

12 ml 25.8^' 40^ 0.55" 0.88'' 5.2" 5.5" 

15 ml 22. r 30.33^ 0.61" 0.78'' 6.0" 4.4" 

Data gathered from six independent trials. For statistical comparison, arc sin transformation was used. 

Different letters beside the numbers indicate statistical differences as evaluated by Analysis of variance (ANOVA). 
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Effect of retardation of border cell separation on the rate of defense gene induction 

When seedlings are laid on germination paper overlaid on 1% water agar, border 

cells mostly remain appressed to the root tip as they do when grown in pouches with 7 ml 

water. Therefore, this condition was used to evaluate the rate of defense gene activation 

in the root tips of seedlings grown under conditions where border cell separation is 

retarded. Under this condition, the defense gene activation in root tips were observed as 

early as 36 hours after inoculation with the fungus indicating that the infection of root tips 

is accelerated when border cell separation is retarded (Figure 2.21). 

Effect of border cell removal on the development of root tip infections 

If border cells play a role in the protection of the root tip, it would be predicted 

that the removal of the border cells before inoculation with the flmgal spores will result in 

the development of higher amount of tip infections. When root lengthening was used as a 

marker for root tip infection development because tip infection is known to lead to 

cessation of further root growth (see above). A statistically significant decrease in root 

lengthening was observed in seedlings whose border cells were removed prior to 

inoculation with 10^ spores per radicle when compared with those with a full set of 

border cells (Table 2.7). On average, using the visual scoring assay, a 74% increase in 

the severity of root tip infection (as assayed by the assigned scores to reflect the intensity 

of the infections) was observed but this difference was only statistically significant at 0.1 

level (P value: 0.08). The significance data is affected by the fact that in one of the seven 

independent trials conducted, +BC group displayed signs of more severe infection 
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Figure 2.21: RNA gel blot hybridization analysis showing the induction of defense 

genes in the Nectria haematococca inoculated tissue (I). 

Two-day-old seedlings were inoculated with 10^ spores of N. haematococca on 1% 

water agar plates. Non-inoculated control (C) seedlings were treated with an equeil 

volume of water without the Nectria spores. At specific times after inoculation, 

the root tip tissues were isolated and mRNA was extracted. Fifteen micrograms of 

mRNA was loaded for each time period and fractionated in a 1.2% denaturing gel. 

The blot was probed with "P labeled cDNA fragments of each of the indicated 

genes. The filter was stripped and rehybridized with Arabidopsis thaliana actin 

gene to ensure equal loading and transfer of RNA. 
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Table 2.7: Effect of border cells on the development of root tip infections. 

+BC -BC 

Root Length (cm) 

Inoculated seedlings 3.17 2.42»' 

Non-inoculated 

seedlings 

5.55 5.67 ns" 

Infection Score 

Inoculated seedlings 1.13 1.97 ns-^ 

Non-inoculated 

seedlings 

0 0 

* Means for inoculated seedlings were calculated using data gathered from seven different 

trials with 15 seedlings in each trial. The means for the non inoculated seedlings were 

calculated using data gathered from five different trials with five seedlings in each trial. 

® Significantly less than +BC by Students t test ( p = 0.03) 

'' Not significantly different from + BC (p = 0.83) 

Not significantly different from +BC ( p = 0.08) 
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development with the two infection assessment parameters (root length and infection 

score) used. 

Border cell separation is induced in response to fungal inoculation 

If border cell separation is a strategy that is used by roots to limit contact between 

pathogens and root tips, such separation would be most effective if induced in response to 

pathogenic fungi. Therefore, an investigation was carried out to determine whether 

border cell separation is induced in response to fungal inoculation. 

For this purpose, the expression of RcPMEl, a pectinmethylesterase-encoding 

gene, was used as a marker for border cell separation. RcPMEl has been shown 

previously to play an important role in border cell separation because inhibition of the 

expression of this gene using antisense constructs prevented normal separation of these 

cells from the root tip (Wen et al, 1999). Total RNA of root tip tissue was isolated at 

different times after inoculation with N. haematococca and then probed with a 300bp 

fragment comprising the unique region of the RcPMEl gene. Induction of this gene was 

evident 60 and 72 hrs after treatment in the fimgus inoculated tissue but was absent in the 

water inoculated control seedlings (Figure 2.22). Therefore, border cell separation is 

induced in response to fungal inoculation. Also, the induction of RcPMEl gene seems to 

correlate with the induction of the defense genes in the pea root tips (see above). 

Under border cell separation retarded conditions, the induction of this gene could 

be observed as early as 36 hours after inoculation with the fungus, again correlating with 

the induction of the defense genes under these conditions (Figure 2.23). Similarly to the 



RcPMEl 

Actin 

Figure 2.22: RNA gel blot hybridization analysis showing the induction of 

RcPMEX gene in Nectria haematococca inoculated seedlings. 

Two-day-old seedlings were inoculated with 10® spores of AC haematococca 

in growth pouches. Non-inoculated control seedlings were treated with an 

equal volume of water without the Nectria spores. At specific times after 

inoculation, the root tip tissues were isolated, total RNA was extracted, 15 ^ 

of mRNA was loaded for each time period and fractionated in a 1.2% 

denaturing gel. 300 bp of the RcPMEl gene constituting the unique region 

of this gene was used as a probe. The filter was stripped and rehybridized 

with an Arabidopsis thaliana actin gene to ensure equal loading and transfer 

of RNA. 

Inoculated Tissue Non-Inoculated Tissue 
2 24 36 48 60 72h 2 24 36 48 60 72h 
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Figure 2.23: RNA gel blot hybridization analysis showing the induction of 

RcPMEl gene in the Nectria haematococca inoculated tissue (I) grown under 

conditions in which border cell separation is retarded. 

Two-day-old seedlings were inoculated with 10® spores of N. haematococca on 1% 

water agar plates. Non-inoculated (C) seedlings w-ere treated with equal volume of 

water without the Nectria spores. At specific times after inoculation, the root tip 

tissue were isolated and mRNA was extracted and 15 (j.g of mRNA was loaded for 

each time period and fractionated in a 1.2% denaturing gel. 300 bp of the RcPMEl 

gene constituting of the unique region of this gene was used as a probe. The filter 

was stripped and rehybridized with Arabidopsis thaliana actin gene to ensure 

equal loading and transfer of RNA. 
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defense genes, the induction of RcPMEl was also specific to infection of the root tip by 

N. haematococca (Figure 2.24). 

Also, the specificity of expression of the RcPMEl gene was assessed to evaluate 

whether the induction of the RcPMEl gene corresponds with the non-specific expression 

of other pectinmethylesterase genes that may be present within the root tips of pea. 

Therefore, a fragment of the RcPMEl gene that is known to contain the highest (80% at 

amino acid level) similarity with other pectinmethylesterase genes cloned from other 

plants was used as a probe (Wen et al, 1999). Only one band corresponding to the 

expression of the RcPMEl gene was observed in the RNA gel blots probed with such a 

fragment, which indicated that RcPMEl gene is the only one induced in expression in the 

root tips, by the inoculation with N. haematococca (Data not shown). 

Expression pattern of RcPMEl in seedlings inoculated with a Nectria isolate lacidng 

the conditionally dispensable (CD) chromosome 

As mentioned before, the CD chromosome is known to contribute toward the 

virulence of N. haematococca isolates. Therefore, an isolate that lacks the CD 

chromosome, 94-2-4, was also used to understand whether the induction of the RcPMEl 

is related to any of the pathogenicity genes (^PEP) that lie on the CD chromosome. 

Seedlings laid on 1% water agar were inoculated with the macroconidia of 94-2-4 isolate 

as described before. Total RNA from root tips was isolated at different times after 

inoculation and probed with the same unique fragment (see above) of the RcPMEl gene. 
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Figure 2.24: (A) RNA gel blot hybridization analysis and (B) density quantification 

showing the higher induction of RcPMEl gene in the infected root tips of Nectria 

inoculated seedlings vs. root tips which did not have an observable lesion at the root tip. 

Two-day-old seedlings whose border cells were removed were inoculated with 10^ 

spores of N. haematococca in growth pouches. At specific times after inoculation, the 

root tip tissue was isolated in two groups: tips with lesions and tips with no visible 

lesions. Total RNA was extracted from these two groups and 15 ^g of mRNA was 

loaded for each time period in a 1.2% denaturing gel. The blot was probed with 300bp 

fragment of the RcPMEl gene. The filter was stripped and rehybridized with 

Arabidopsis thaliana actin gene to ensure equal loading and transfer of RNA. Density 

measures shown are relative to the expression of the actin gene in the same samples. 
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In response to inoculation with 94-2-4, an induction of the expression of this gene was 

observed at 48 hours after inoculation (Figure 2.25). 

Border cell separation is also induced by a fungal elicitor 

To test the hypothesis that border cell separation is specifically induced in 

response to flmgal inoculation, and is not due to cell damage that is caused by N. 

haematococca infection, seedlings were treated with chitosan, deacetylated chitin. 

Chitosan is an elicitor molecule that induces the synthesis of phytoalexin and defense 

genes in pea endocarps (Hadwiger and Beckman, 1980; Chang et al, 1995). 

Two day old seedlings were inserted into growth pouches containing 15 ml of the 

chitosan preparation (2.5 mg/ml) and root tips were recovered at different time points 

after the initial exposure. Total RNA extracted from these root tips was analyzed for the 

induction of RcPMEl gene expression using the same 300 bp fragment mentioned above. 

Induction of this gene was detected 72 hours after treatment (Figure 2.26). In contrast, no 

stimulation of the RcPMEl gene was detected in control seedlings. This indicates that the 

induction of the RcPMEl is specific to the fungal elicitor indicating that the induction of 

RcPMEl occurs in response to fungal inoculation. The role of chitosan as a good elicitor 

was supported by the observation that defense genes (chitinase and HMMl) were also 

induced to higher levels with the chitosan treatment (Figure 2.27). 
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Figure 2.25: RNA gel blot hybridization analysis showing the induction of 

RcPMEI gene in the root tip of seedlings inoculated (I) with the 94-2-4 isolate of 

Nectria haematococca. 

Two day old seedlings were inoculated with 10® spores of 94-2-4 on 1% agar 

plates. Controls (C) represent non-inoculated tissue. At specific times after 

inoculation, the root tip tissue were isolated and mRNA was extracted. Fifteen 

micrograms of mRNA was loaded for each time period and fractionated in a 1.2% 

denaturing gel. 300 bp of the RcPMEI gene constituting of the unique region of 

this gene was used as a probe. The filter was stripped and rehybridized with 

Arabidopsis thaliana actin gene to ensure equal loading and transfer of RNA. 
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Figure 2.26: (A) RNA gel blot analysis and (B) density quantification of the induction of 

the RCPMEl gene in elicitor treated vs. non-treated control seedlings. 

Two-day-old seedlings were inserted into growth pouches containing 15 ml of the elicitor 

suspension (Materials and Methods) or the control suspension without any added elicitor. 

At specific times (hours) after inoculation, the root tip tissue were isolated, mRNA 

extracted, 15 |ig of mRNA was loaded for each time period and fractionated in a 1.2% 

denaturing gel. The blot was probed with the labeled 5' 300 bp fragment of the 

RcPMEl gene. The filter was stripped and rehybridized with Arabidopsis thaliana actin 

gene to ensure equal loading and transfer of RNA. Density measures are relative to the 

expression of the actin gene in the same samples. 
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Figure 2.27: RNA gel blot analysis on the induction of the defense genes and 

the RCPMEl gene in the elicitor treated vs. non-treated seedlings. 

Two-day-old seedlings were inserted into growth pouches containing 15 nil of 

the elicitor suspension (Materials and Methods) or the control suspension 

without any added elicitor. At specific times after inoculation, the root tip 

tissue were isolated and mRNA was extracted. Fifteen micrograms of mRNA 

was loaded for each time period in a denaturing gel. The blot was probed with 

the cDNA fragments of each of the indicated genes. The filter was stripped 

and rehybridized with Arabidopsis thaliana actin gene to ensure equal loading 

and transfer of RNA. 
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Discussion 

To date, no satisfactory explanation as to why root tips are not infected by 

pathogens has been elucidated. The work described here provides an experimental 

framework consistent with the hypothesis that border cells, which are present in the exact 

region of the root that has been shown to be devoid of microbes in soil, may play a role in 

protection of the root tip from fungal infection. When Nectria haematococca was 

inoculated on two day old roots of pea containing a full set of border cells, infection in 

the upper region of the root occurred on more than 90% of the seedlings while tip 

infection only occurred on 22% of the tips. This localization of infection was confirmed 

by two other methods: (1) Defense gene elicitation and (2) the rate of phytoalexin 

synthesis in the inoculated root tissue. Defense genes are known to be induced in 

infected tissue possibly to localize and prevent the further spread of the pathogen and 

ph>toalexins, by definition are those antimicrobial chemicals that are induced in response 

to pathogen infection of plant tissue (Kamoun et al, 1999; Gilchrist, 1998; Cao et al, 

1994; Shirasi et al, 1978; Bell, 1981; Novak and Stanek, 1989). Both these parameters 

clearly indicated that there is a delay in infection of the root tip tissue by N. 

haematococca. Confirmation of the presence of the fimgus in the root tip region in the 

initial 12-18 hours after inoculation (see Chapter 4), together with these data indicates 

that there is a delay in root tip infection by N. haematococca. 

Infection of the upper region of the root by N. haematococca did not result in 

observable immediate negative consequences on root health. The seedlings that lacked 
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tip lesions but contained infection in the upper parts of the root were able to generate new 

lateral roots and support the continuation of root growth. It is believed that the elicitation 

of defenses in plant tissue in response to pathogens such as N'. haematococca enables the 

plant tissue to efficiently limit the pathogen to the outer parts of the root such that normal 

cellular functioning is not significantly affected (Garrett, 1970). 

In contrast to tlie upper region, infection of the root tip tissue by N. haematococca 

was strongly correlated (>80%) with cessation of further root growth. Root tips are 

constituted of undifferentiated cells comprising the apical and root cap meristems and the 

root cap (Webster and MacLeod, 1996; Sievers and Braun, 1996). Both these types of 

cells are essential for the development of the root system: to generate new cells for root 

growth and the sensing of the environment to direct root growth through the soil 

(Webster and MacLeod, 1996; Juniper et al, 1966; Jackson and Barlow, 1981; Hillman 

and Wilkins, 1982; Sievers and Braun, 1996; Pilet, 1996). Therefore, as observed, 

infection of these undifferentiated young cells can result in drastic consequences to the 

development of the root system. 

The possible existence of a mechanism that may prevent/ inhibit root tip infection 

was suggested when root tip infections were observed to increase, on average, when 

seedlings were inoculated with higher spore concentrations or incubated at a higher 

temperature more conducive for fungal growth. This indicated that root tips are not 

inherently resistant to infection and tip infection can be increased by favoring fungal 

growth. The variation in results firom trial to trial is reflected by the marginal significance 
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observed for this data. This may be due to the complexity of working with border cells, 

which are quite sensitive to environmental conditions (Zhao et al, 2000) and also could be 

easily removed during insertion of the seedlings into the growth pouches or during 

inoculation with the liquid spore suspensions. However, all the data collected for these 

experiments are significant at 0.1 level indicating marginally significant differences. 

It is proposed that border cells constitute a mechanism of protection to the root 

tip. These cells, which lie as a layer around root tips of many different plant species have 

been shown to interact with pathogenic organisms by producing defensive structures such 

as papillae and mucilage which are known to regulate interactions with pathogenic 

microorganisms (Sherwood, 1987; Hawes et al., 1998, Hawes et al., 2000). However, the 

proposed mode of flmction of these cells in protecting the root tip is thought to lie in its 

ability to separate from the root tip in to the external environment. Such separation of 

these cells have been demonstrated in vitro, and in roots grown in soil (Hawes and 

Brigham, 1992; Vemeer and McCulley, 1982). Therefore, due to their position 

surrounding the root tip, border cells can bind pathogen propagules present in this area, 

which then will be shed in to the environment mainly by the normal process of border 

ceil separation. 

Mantle formation by N. haematococca on pea root tips, which is a novel 

observation, led to the first line of evidence that border cells could actually act in a 

protective role, as proposed above. At first, it was unclear whether it may aid in the 

establishment of disease or whether it could play a role in preventing root tip infections. 
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However, the observation that the mantles can separate from the root tip indicated that the 

interplay between the border cell colonization by the fimgus and the separation of border 

cells could play a significant role in binding and separating pathogen propagules from the 

vicinity of the root tip. 

The discovery that in the majority of the root tips with mantles, the root tip tissue 

per se, remained free of infection led to the experimental testing of four hypotheses, that 

may account for this observed sterility. (1) The root tip is inherently resistant to 

infection. (2) Fungus is not pathogenic during its growth in the mantle. (3) Border cell 

separation allows to continually separate the fimgus from the root tip. (4) Root exudates 

may retard the growth of the fimgus such that it is delayed from accessing the root tip 

tissue. 

The first and the second hypotheses were shown to not play a role in maintaining 

root tip sterility,'. As mentioned earlier, root tip infections do occur and their rate of 

development can be increased under certain conditions. Also, from the monitoring of the 

expression of genes involved in pathogenicity {PEP), the fungus was shown to be 

virulent as early as 36 hours after inoculation. When seedlings are grown in growth 

pouches, root tip infections are either entirely absent or occur at a very low level during 

this time frame. Therefore, N. haematococca appears to be pathogenic while growing 

among the border cells and forming the mantle. This indicates that the observed sterility 

of the root tip is not due to the inability of N. haematococca to initiate infection in the 

root tip. 
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In contrast, the third hypothesis, that border cell separation may play an important 

role, was strongly supported by the increased root tip infection development in response 

to retarding border cell separation and by removal of border cells prior to inoculation with 

the fungus. It is proposed that in the absence of the border cell separation, pathogens can 

grow through the existing layer of cells and infect the root tip. However, by efficient 

border cell separation, pathogens are bound by these cells and are shed from the tip 

region thus leaving the root tip free of infection. However, a fine balance between border 

cell separation and the pathogen growth need to be maintained for the efficient 

functioning of this protective mechanism. Depending on the efficiency of border cell 

separation or the rate of pathogen growth, either partner can be given the advantage, thus 

leading to shedding of the invading pathogen or tip infection development, respectively. 

The observed specificity in mantle formation only by pathogenic organisms supports this 

idea that the balance between pathogen growth and the rate of border cell separation, is 

vital in maintaining root tip sterility. 

This idea is also supported by the observed results where tip infection increase 

caused by the removal of border cells prior to inoculation was only observed when 

seedlings were treated with high (10^ spores per seedling) concentration of Nectria 

spores. The failure to observe such an association in seedlings treated with lower spore 

concentration (10^ and 10^ spores per seedling) may be due to the effective renewal of 

border cell formation upon their removal. It is known that upon removal, border cell 

formation is induced within 5 minutes and new cells can be observed around the root tip 
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within one hour (Hawes et al, 1998). Therefore, at these low spore concentrations, the 

fungal threat may be at a low enough level that the normal process of border cell 

separation can efficiently limit the contact between the fungus and the root tip. 

Therefore, the experimental data also support the proposal that the balance between 

border cell separation and the intensity of pathogen attack may play a key role in 

regulating root tip infection development. 

The fourth hypothesis was tested and the presence of a substance in the root 

exudates, which exerts an in vitro growth limitation on N. haematococca, was identified. 

This work will be described in detail in Chapter three. Therefore, it appears that the 

synergism between border cell separation and the growth limitation effects of root 

exudates effectively limits the encounter between the pathogen propagules and the root 

tip, thus protecting the tip from pathogen infection. 

An additional layer in the involvement of the border cells in root tip protection 

was revealed by the results obtained in addressing the issue of whether border cell 

separation is induced in response to fiingal inoculation. This was evaluated by using a 

marker gene, which was previously characterized to play an important role in border cell 

separation (Wen et al, 1999). Contrary to the expectation that such induction will occur 

during the fungal growth in the mantle, results indicate that border cell separation is 

induced in response to the fungus but in a root tip infection dependent manner. This was 

supported by two independent results; (I) RcPMEl induction corresponds with the 

defense gene activation in the root tissue and (2) RcPMEl induction occurs only in tip 
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tissue that contains a lesion. The demonstration that RcPMEl is specifically induced by 

the characterized fungal elicitor, chitosan, strongly supports the notion that RcPMEl, thus 

border cell separation, is induced to combat fungal invasion and is not non-specifically 

expressed due to cell damage during tip infection by N. haematococca. These data 

indicate that the induction of border cell separation may be an alternative defense strategy 

that is used by root tips in response to fxmgal invasion. 

Therefore, border cell separation appears to bestow a protection to the root tip at 

two different levels. (1) Border cells bind pathogen propagules present in the root tip 

region and removes them by the "normal" process of cell separation from the root tip. 

This may occur quite efficiently during the root's growth through the soil by abrasion of 

the soil particles or by the hydration of the mucigel that facilitates the separation of these 

cells. (2) Once the invading pathogen penetrates the tip tissue and is detected by the root 

tip tissue, an active process of border cell separation is induced to presumably promote 

the separation of the invading pathogen from the tip tissue. Evidence to support the latter 

fomi of regulation was observed when the mantle of a particular root tip that contained a 

small light brown lesion separated fi-om the root tip along with part of the brown lesion 

(Hawes et al, 1998). Therefore, data supports the model that border cells protect the root 

tip by both passive and active separation of these cells. 

A few other fimgi, pathogenic as well as symbiotic, have been reported to make 

such structures around the root tip even though these investigators never considered the 

potential of the mantle in the context of establishment of root microbe associations. One 
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such fungus is Fusarium oxysporum, which is known to cause wilts of several plant 

species (Garrett, 1970; Rodriguez-Galvez and Mendgen, 1995; Turlier et al., 1994). No 

data exist as to the rate of colonization of the border cells by F. oxysporum and the actual 

development of root tip infections caused by this fungus. However, investigators note 

that infections at the apical meristem area increased at high temperatures and at high 

spore concentrations both of which favor fungal growth (Rodriguez-Galvez and 

Mengden, 1995). This parallels our results and indicates that shedding off of colonized 

border cells also could occur in the early stages of F. oxysporum and root tip interactions. 

Similar to these pathogenic interactions, symbiotic organisms such as the 

ectomycorrhizae have also being reported to initiate interactions with the plant from the 

cap region (Fusconi, 1983; Horan et al., 1988). Therefore, it is possible that signaling 

between the plant root and the microbes play an important role and that depending on the 

nature of the interaction, the plant may control further development of the mantle into the 

root tissue or shedding of the mantle in to the external environment. It would be 

interesting the extend this type of investigation of the role of border cells in root tip 

protection to a host system, where infection by pathogenic and beneficial microbes can be 

compared. 

Overall, results support tlie proposal that border cells play an important role in the 

protection of the root tip from pathogen infection. The work described in this chapter 

describe the novel observation of mantle formation by pea pathogens around the root tips 

of pea and demonstrated that retardation of border cell separation or their removal prior to 
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inoculation with N. haematococca results in an increased rate of root tip infection 

development. Additionally, it was demonstrated that root tip protection by the border 

cells occurs at two distinct levels including passive and active separation of these cells. 

Correlation between the timing of the induction of defense genes and border cell 

separation as well as induction of these genes by the elicitor chitosan, indicate that border 

cell separation may act as an alternative defense strategy of pea root tips. Data to 

unequivocally demonstrate that border cell separation is important in protecting the root 

tips, can only be obtained by generating plants that have been genetically manipulated to 

retard/inhibit this process. The genes that are important for this purpose have been 

characterized and such mutants will be available in the future. In the meantime, a strong 

correlation between border cell separation and the protection of the pea root tips from 

infection by N. haematococca has been demonstrated. 
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3. ANALYSIS OF AN EFFECT OF ROOT EXUDATES ON THE 

GROWTH OF NECTRIA HAEMATOCOCA 

Introduction 

The compounds excreted by roots define the nature and the diversity of 

rhizosphere populations. Each plant secretes a complex array of substances including 

sugars, amino acids, organic acids and growth factors. Just as plant age, species, 

environmental factors and soil types control the amount and the diversity of the 

substances that are released, microorganisms also are known to significantly influence the 

nature and the composition of the root exudates. 

These principles are exemplified by the work of Kraffczyk et al. (1984), which 

demonstrated that the composition of the root exudates changes depending on the growth 

conditions of the plant. Under aseptic conditions, roots released 65% carbohydrates, 33% 

organic acids and 2% of amino acids. Under non-sterile conditions, while the overall 

composition of the exudates essentially remained the same, the relative amounts of the 

constituents of carbohydrates and amino acids displayed marked differences while that of 

the organic acids remained constant. Just as microbes, other factors such as the nutrition 

of the plant growth medium was shown to have an impact on the composition of the root 

exudates. 

Single species of microbes, both pathogenic and symbiotic, can cause changes in 

the root exudates. In response to infection of wheat by the pathogenic organism, 

Helminthosporium sativum, wheat root exudates contained a decreased amoimt of 
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carbohydrates and organic acids (Jalali and Suryanarayana, 1971; Jalali and 

Suryanarayana, 1974). Such decreases were shown to be associated with specific 

constituents of these general categories while the amounts of other constituents mostly 

remained the same. Similarly, changes have been shown to occur in the exudates as well 

as in the nutrition of the overall plant in a pathogen species-specific marmer. In response 

to inoculation of citrus tissue with F. solani, the exuded carbon present within the root 

exudates decreased while its distribution was not altered in leaves, stem and root. 

However, in response to infection with Phytophthora citrophthora, carbon distribution 

increased in the leaves and stems of plants while it decreased in the root exudates 

(Dandurand and Menge, 1994). 

In response to symbiotic organisms, root exudates have been shown to vary 

during initial encounters as well as subsequent to formation of successful symbiotic 

associations with the plant. Inoculation of bean roots with Rhizobium ieguminosarum 

results in increased release of nodulation gene inducing chemicals such as flavonoids and 

isoflavones which presumably enhances the possibilities of a successful interaction with 

the bacterium (Dakora et al., 1993). Also, with regard to mycorrhizae-plant interactions, 

an increase in root exudation presumably through an increase in membrane 

permeabilization was reported in roots grown in phosphate-deprived soil. This increase 

was thought to aid in attracting mycorrhizal fungi to the roots (Ratnayake et al., 1978). In 

fact, a later study supported this hypothesis by demonstrating that such an increase in root 

exudation and membrane permeabilization was followed by a decrease subsequent to 
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formation of efficient associations with the mycorrhizae fungi (Graham et al., 1981). In 

summary, excretion of substances from the roots is a dynamic process that is ever 

responsive to the biotic and abiotic stimuli from the external and the internal 

environments. 

Inoculation of root tips of pea with the fungal pathogen, K haematococca, leads 

to the colonization of border cells by the fungus and the subsequent formation of mantles 

of hyphae around the root tips (Chapter 2). However, despite the presence of the fungus 

around the root tip, the majority of the root tips remained free of infection. As 

demonstrated in Chapter 2, retardation of border cell separation was shown to play an 

important role in limiting access of the fungus to the root tip tissue. However, the 

dynamic nature of the root exudates in defining the root microbe interactions also lead to 

the possibility that a growth inhibitory substance released from the roots and contained in 

the root exudates may also aid in maintaining root tip sterility by retarding fungal growth. 

Therefore, exudates from root tips of N. haematococca inoculated seedlings were 

subjected to an in vitro evaluation to assess for the presence of an inhibitory substance 

that may retard the growth of K haematococca. 

Results indicate that the root exudates of Nectria haematococca inoculated 

seedlings do contain a substance that is, inhibitory to the in vitro growth of N. 

haematococca species. This substance appears to be present at low levels in exudates 

from non-inoculated seedlings and induced to higher levels in inoculated seedlings 

depending on the intensity of pathogen attack. Data presented here, overlays another 
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parameter in explaining root tip sterility to support the model that the synergism between 

border cell separation and retardation of flingal growth by an inhibitory substance in the 

root exudates may successfully limit the contact between the root tip and N. 

haematococca thus protecting or delaying root tip infection. 

Materials and Methods 

Fungal isolates and their growth 

Unless otherwise noted, isolate, 34-18, of N. haematococca (Berk. & Br) was 

used throughout this study (Funnel et al, manuscript in preparation). Isolate 94-2-4 of N. 

haematococca was used as a representative isolate for those lacking the conditionally 

dispensable (CD) chromosome (Kistler, 1983). Mycosphaerella pinoides (Berk. & 

Bloxam), T 417 was used as a representative pea pathogen (Delserone et al, 1999). 

All fungi were cultured on V8 juice agar (medium 29, Stephans, 1974) and 

cultures were used when at least a week old. The spores were rubbed from the surface 

with sterilized water and spores were pelleted by centrifligation (3500 g for 1 minute). 

Spores were washed with sterilized water three times with alternating centrifligation steps 

and washing. Spores were enumerated using a haemocytometer and the concentration 

was adjusted as necessary by dilution of a stock solution with sterilized water. 

Collection of root exudates 

Two-day-old pea seedlings (cultivar Little Marvel) with a full set of border cells 

were placed on 1% water agar overlaid with germination paper. The radicles of seedlings 
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were inoculated uniformly with 50 ^il of water containing desired spore concentrations of 

the isolate 34-18 of N. haematococca. The agar dishes were covered with aluminum foil 

and were incubated at 24°C for 24 hours. Then, each seedling was inserted into 5 ml 

glass test tube containing water such that the root tip was submerged in the water. A 

foam plug aided in holding the seedling suspended and connected to the glass tube. 

These were covered loosely with aluminum foil and were incubated in the dark for 24 hrs 

at 24°C. At the end of the time period, the water containing the root tip exudates was 

recovered; border cells and other insoluble material were removed by centrifiigation at 

3900 g for 5 minutes. The samples were distributed into 500 ml Erlenmeyer flasks in 

approximately 100-150 ml aliquots and then frozen and lyophilized. The resulting dried 

material was resuspended in 9 ml water, frozen and again lyophilized . The final dried 

material was dissolved in 500 (il of water. 

The control non-inoculated root exudate was obtained exactly as described above 

but from seedlings that were mock inoculated with 50 (al of water without the fungal 

inoculum. 

Measurement of carbohydrate and protein concentrations in the root exudates 

Carbohydrate concentration was assessed using anthrone by the procedure 

outlined in Dische (1962). Protein concentration was measured using the Bradford 

method using a kit from Bio Rad (Cat. # 500-0006). 

Assessment of fungal growth pattern in response to root exudates 
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The carbohydrate concentration was adjusted in the inoculated root exudates to a 

level comparable with that of the non-inoculated control exudates by supplementing with 

glucose (Stock solution, I mg/ml). Final volume between the two kinds of exudates was 

adjusted with water. The growth of the fungus was quantified by the method developed 

by M. Rodriguez and H.D VanEtten (Department of Plant Pathology, University of 

Arizona). The resulting data were also confirmed by visual inspection using a dissecting 

microscope (Zeiss, SV8). Wells of a 96 well microtiter plate were inoculated separately 

with 100 |il of non-inoculated and inoculated root exudates. Five hundred fiingal spores 

were introduced to each well. Blank wells were inoculated with the respective root 

exudates without the fungal inoculum. The edges of the microtiter plate were sealed with 

parafilm to prevent evaporation, covered with aluminum foil and incubated at room 

temperature. At 24-hour intervals, the plate was opened and a sheet of Saran Wrap was 

taped tightly across the open face to prevent microbial contamination. Fungal growth 

was assessed by measuring absorbance at 620 nm using a microwell plate reader (Titertek 

Multiscan MCC/340). The fungal growth was quantified by subtracting the blank well 

values from the fungal inoculated ones to disregard any discrepancy in values resulting 

from the original colors of the root exudate suspensions. 

Assessment of the presence of an "inhibitory'^ compound 

To test for a possible "inhibitor" compound, 50 |xl of non-inoculated and 

inoculated root exudates were diluted to a final volume of 100 ^1 with water. The rest of 

the procedure for this analysis was as same as described above. 
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Statistical analysis 

Statistical analysis was done using paired data analysis with Students T test. 

Results 

Evaluation of the differences in the composition of the exudates obtained from N. 

haematococca inoculated vs. non-inoculated seedlings 

Root exudates of inoculated seedlings consistently contained less carbohydrate than that 

of the non-inoculated seedlings (Figure 3.1). In contrast, exudates of inoculated seedlings 

contained more or similar amounts of proteins than that of the non-inoculated control 

seedlings (Figure 3.2). 

Root exudate effect on fungal growth 

To evaluate for a possible inhibitory compound that can retard the growth of N. 

haematococca, root exudates from non-inoculated vs. inoculated seedlings (10^ 

spores/seedling) were assessed. Prior to inoculation with the fungus, the exudates from 

the inoculated seedlings were supplemented with the required amounts of glucose to 

equalize the sugar concentration to that of the exudates of the non-inoculated seedlings to 

ascertain the presence of similar amounts of a carbon source in both samples. Then 500 

spores of N. haematococca were inoculated into wells of a 24 well plate and suspended in 

concentrated root exudates from inoculated vs. non-inoculated seedlings. The growth of 

the fungus was monitored every 24 hours for three days by absorption at 620 nm. 

Evaluation of fungal spore germination in the two sets of exudates indicated that spores 
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Figure 3.1: Concentration of sugars in root exudates of non-inoculated vs. Nectria 

haematococca inoculated seedlings. 

Two-day-old seedlings with full sets of border cells were inoculated with 10*^ 

spores of N. haematococca and incubated in the dark at 24° C for 24 hours. 

Control seedlings were inoculated with equal volume of water in place of the spore 

suspension. Root exudates were collected as outlined in Materials and Methods. 

The sugar concentration was measured using anthrone as outlined in Dische 

(1962). The data represent mean values of five different batches of collected root 

exudates. 
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Figure 3.2: Concentration of proteins present in non-inoculated (Non-Inoc.) vs. N. 

haematococca inoculated (Inoc.) root exudates. 

Two-day-old seedlings with full sets of border cells were laid on 1% water agar and each 

was inoculated with 10^ spores ofN. haematococca or equal volume of water and 

incubated at 24°C in the dark for 24 hours. Root exudates were collected from the fungus 

inoculated and non inoculated seedlings and were concentrated (at approximately 100 

seedlings worth of exudates/ml) by lyophilization. Protein concentration was measured 

by Bradford method using Coomassie brilliant blue dye. 

Non-Inoc Inoc. 
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germinate within 2-3 hours after inoculation. Thus, there is no difference in spore 

germination stimulation between these exudates. After one day, there was no difference 

in fungal growth between the two different root exudates. At two days after inoculation, 

a much higher rate of fungal growth was observed in the non-inoculated root exudates in 

reference to the inoculated root exudates (Figure 3.3). This difference was also verified 

by the visual observation of the fungal growth under a dissecting microscope (Zeiss, 

SV8). The difference in fungal growth was maintained for the third day as revealed by 

absorption measurements. Statistical analysis revealed that the difference in the growth 

rate of N. haematococca between non-inoculated vs. inoculated root exudates was 

statistically significant for the growth in the second (P value 0.009) and the third day (P 

value 0.006) but not for the first day (P value 0.745). 

Evaluation for the presence of a growth inhibitor substance 

To determine whether the growth inhibition of N. haematococca by the root 

exudates of inoculated seedlings is specifically due to an inhibitory compound(s), root 

exudate of both inoculated and non-inoculated seedlings were diluted to half the initial 

concentration and were used to assay fungal growth as described above. At two days 

after inoculation, fungal growth increased (78%) in the diluted exudates of the inoculated 

seedlings when compared to non-diluted exudates (Figure 3.4A). This experiment was 

repeated three times and this increase in growth was seen in all the different trials. Again, 

this quantified data was confirmed by visual inspection for growth at two days after 

inoculation. In two out of the three trials, fungal growth also increased in the diluted 



137 

0 .8  -
07  

E  c  06  
o  
CM 0.5 -
W 0.4 ^ « 0.4 ^ 
U c  m o 

0.3 -U c  m o 0? 1 
o 
(A 0 1 ja 
< 0 J 

1 day 2 day 

Days after inoculation 

3 day 

•Control • Inoculated 

Figure 3.3: Growth of N. haematococca in root exudates of inoculated (10*^ spores) 

vs. non-inoculated (Control) seedlings. 

Two-day-old seedlings with full sets of border cells were laid on 1% water agar and 

each was inoculated with 10^ spores of N. haematococca or equal volume of water 

and incubated at 24°C in the dark for 24 hours. Root exudates were collected from 

the inoculated and non-inoculated seedlings and were concentrated (at approximately 

100 seedlings worth of exudates/ml) by lyophilization. Five hundred spores were 

inoculated into the wells of a 96 well plate which contained 100 ^1 of concentrated 

root exudates of non-inoculated and inoculated seedling roots. Fungal growth was 

measured for 3 days by absorbance at 620 nm. 



Figure 3.4: Comparison of the growth of K haematococca in the non-

diluted and diluted (0.5x) root exudates of 10^ spores (A) inoculated vs. 

(B) non-inoculated seedlings. 

Root exudates were obtained as described before. For the analysis of the 

growth in diluted root exudates, 50 ^l of root exudates of inoculated and 

non-inoculated seedlings were inserted in to wells of a 96 well plate and 

diluted to half the initial concentration by mixing with an equal volume 

of water. Five hundred spores were inoculated into each well and fimgal 

growth was monitored every 24 hours for 3 days by absorbance at 620 

nm. 
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exudates of the non-inoculated seedlings. However, this overall increase was smaller 

(27%) when compared to that which occurred with the diluted inoculated exudates 

(Figure 3.4b). To clearly demonstrate the observed difference for the two-day growth. 

Figure 3.5 details the results of the three different trials conducted with the diluted 

exudates. For the growth at two days after inoculation, statistical analysis indicates that 

the observed increased growth in the diluted inoculated root exudates being statistically 

significant (P value 0.015) while that of the non-inoculated seedlings being statistically 

insignificant (P value 0. 237). 

Effect of inoculum dosage on the release of the Root Exudate Inhibitor (REI) 

To evaluate whether the exudation of Root Exudate Inhibitor (REI) is dependent 

on the fungal inoculiun concentration, exudates obtained fi^om seedlings inoculated with 

10^ spores per seedling were assessed for an effect on the growth of N. haematococca. 

The growth rate of N. haematococca was similar in root exudates of both 10^ spore 

inoculated and non-inoculated seedlings (Figure 3.6). Additionally, diluting these 

exudates by half decreased the growth of the fungus in both kinds of exudates indicating 

that there is no substance that differentially affects the growth of N. haematococca in the 

exudates collected from seedlings inoculated with 10^ spores (Figure 3.7). 

Evaluation of the specificity of REI 

To determine whether REI is effective against other Nectria species, an isolate of 

N. haematococca (94-2-4), which does not carry the conditionally dispensable 

chromosome (CD) was used. The CD chromosome is known to contain several genes 
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Figure 3.5: Second day growth of N. haematococca in the diluted root exudates of 

10® spores inoculated vs. non-inoculated seedlings. 

Root exudates was obtained as described in Materials and Methods. Fifty 

microliters of root exudates of inoculated and non-inoculated seedlings were 

inserted in to wells of a 96 well plate and diluted to half the initial concentration by 

mixing with an equal volume of water. Five hundred spores were inoculated into 

each well and fungal growth was monitored every 24 hours for 3 days by 

absorbance at 620 nm. 
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Figure 3.6: Growth of JV. haematococca in root exudates of inoculated (10^ spores) vs. 

non-inoculated seedlings. 

Two day old seedlings with full sets of border cells were laid on 1% water agar and 

each was inoculated with 10^ spores of N. haematococca or equal volume of water and 

incubated at 24*'C in the dark for 24 hours. Root exudates were collected as described 

in Materials and Methods. Five hundred spores were inoculated into the wells of a 96 

well plate which contained 100 jil of concentrated root exudates of non-inoculated and 

inoculated seedling roots. Fungal growth was measured for 3 days by absorbance at 

620 nm. 
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Figure 3.7: Growth of N. haematococca in the diluted root exudates of inoculated (10^ 

spores) vs. non-inoculated seedlings. 

Root exudates were obtained as described in Materials and Methods. Fifty 

microliter of root exudates of inoculated and non-inoculated seedlings were inserted in 

to wells of a 96 well plate and diluted to half the initial concentration by mixing with 

an equal volume of water. Five hundred spores were inoculated into each well and 

flmgal growth was monitored every 24 hours for 3 days by absorbance at 620 nm. 
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that are needed for high virulence of K haematococca on pea ( X Liu and HD VanEtten, 

personal communication; Wassman and VanEtten, 1996). The effect of the exudates 

obtained from N. haematococca inoculated seedlings and non-inoculated seedlings on the 

94-2-4 was monitored using the same growth assay. Isolate 94-2-4 exhibited the same 

type of growth inhibition as isolate 34-18 indicating that the genes present on the CD 

chromosome are not specifically involved in inflicting the observed growth 

limitationexerted by REI (Figure 3.8). This indicated that the growth effect of REI on N. 

haematococca might be exerted by affecting a basic metabolic process of these fungi. 

Also, to evaluate the effect of REI on other pea pathogens, pea pathogenic isolate 

of Mycosphaerella pinoides, was introduced into the exudates obtained from N. 

haematococca inoculated and non-inoculated exudates and its growth was assessed as 

described above. M. pinoides grew equally well in exudates of both inoculated and non-

inoculated seedlings indicating that it is not similarly affected by REI as the Nectria 

species (Figure 3.9). Therefore, from the evaluations carried out so far, it appears that 

REI is not effective in retarding growth of many different fungal species. 

Discussion 

Root exudates are known to influence microbial growth within the rhizosphere by 

stimulating propagule germination, attracting specific microorganisms to the roots and 

providing nutrients required for microbial growth, thus defining the nature and the 

diversity of the rhizosphere (Curl and Truelove, 1986). However, microorganisms within 
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Figure 3.8: Effect of root exudates of N. hematococca inoculated (isolate 34-18) vs. 

non-inoculated seedlings on the growth of 94-2-4 isolate. 

Two-day-old seedlings with full sets of border cells were laid on 1% water agar and 

each was inoculated uith 10^ spores of the 34-18 isolate of N. haematococca or 

equal volume of water and incubated at 24°C in the dark for 24 hours. Root 

exudates were collected from the fungus inoculated and non-inoculated seedlings 

and were concentrated (at approximately 100 seedlings worth of exudates/ml) by 

lyophilization. Five hundred spores of 94-2-4 isolate of N. haematococca were 

inoculated into the wells of a 96 well plate which contained 100 (il of concentrated 

root exudates of non inoculated and 34-18 isolate inoculated seedling roots. Growth 

of 94-2-4 isolate in this root exudates was measured for 3 days by absorbance at 620 

nm. 
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Figure 3.9: Effect of root exudates from non-inoculated vs. JV. haematococca 

inoculated seedling on the growth of Mycospherella pinoides. 

Root exudates were collected as described in Materials and Methods. Five 

hundred spores of M. pinoides were inoculated into the wells of a 96 well plate 

which contained 100 jj.1 of concentrated root exudates of non-inoculated and N. 

haematococca inoculated seedling roots. Growth of M. pinoides was measured 

for 3 days by absorbance at 620 nm. 
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a particular rhizosphere are also capable of exerting an influence on the types of 

substances released from the roots (Van Brussel et al, 1990). Such influences can 

mediate the nature and the types of interactions that can occur between the plant roots and 

microorganisms. 

The work presented here was carried out to evaluate for the presence of a 

substance in the root exudates of inoculated seedlings that could retard the growth of 

Nectria haematococca during its formation of the mantle around the root tips of pea 

(Chapter 2). It was hypothesized that together with the separation of border cells, such a 

growth retarding substance could contribute to limiting the contact between N. 

haematococca and the root tips thus enabling the root tip to remain free of infection. 

Evaluation of any changes that may occur in the root exudates in response to 

inoculation with N. haematococca indicated a clear decrease in the sugar content and an 

overall increase in the protein concentration in the exudates collected from the inoculated 

seedlings. It is uncertain whether this difference is due to the changes in exudation 

patterns by the roots or due to consumption or release of substances by N. haematococca. 

It is likely that during the germination and growth of the ftmgal spores, carbohydrates in 

the exudates were utilized thus decreasing their amounts in the collected root exudates. 

The observed increase in the amount of total proteins could have resulted from the release 

of metabolic enzymes by the fimgus to the cell exterior to degrade complex substances 

before absorption. The observed decrease in carbohydrate content in the exudates from 
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inoculated root tips suggest that fiingal growth may be negatively affected simply by 

nutrient limitation during the growth of the fungus around the root tips. 

When the growth of N. haematococca in root exudates of inoculated vs. non-

inoculated seedlings was assessed, a clear decrease in growth in the inoculated root 

exudates was seen. Two explanations are possible for this pattern of fungal growth. (1) 

The inoculated seedlings lack suitable nutrients to support fungal growth compared to 

that of the non-inoculated seedlings. (2) A substance that is inhibitory to fungal growth is 

present within the inoculated seedlings. The first is unlikely because prior to inoculation 

of the exudates with the fimgus, the sugar concentration was equalized between the two 

e.xudates, thus supplying a suitable carbon source to support the fungal growth. The lack 

of another nutrient beside a suitable carbon source also could have resulted in an adverse 

effect on the growth of N. haematococca spores but this is unlikely because once the 

exudate was diluted to half its initial concentration, flmgal growth improved, indicating 

the presence of sufficient nutrients within the exudates to support higher growth rate of 

the fungus. 

The observed improvement of fungal growth in the diluted exudates strongly 

supports the notion of the presence of an "inhibitory" substance (REI) in the inoculated 

exudates. The fact that the exudates of non-inoculated seedlings also promoted growth 

when diluted in two out of the three trials conducted suggests that the "inhibitory" 

substance is normally present in the root exudates of pea. However, an increase in the 

production or release of this substance appears to be induced upon inoculation with the 
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fungus. However, the failure to observe any such substance with the root exudates from 

10^ spore-inoculated seedlings suggests that such enhanced production and/or release is 

not simply in response to the inoculation with the fungus but may be a response 

depending on the intensity of fungal attack. 

Many different explanations could be hypothesized for the origin of REI. It is 

possible that the border cell death may have had a role in the production/release of this 

substance. Border cell viability of seedlings inoculated with 0, 10^ and 10® spores ranged 

from 49, 49 and 26%, respectively at 18 hours after inoculation. This indicated that the 

increased inoculum dosage resulted in increased damage to the border cells (Chapter 4, 

Section 2). Therefore, it is feasible that REI may have been released from the dying cells. 

This could explain the absence of this substance in the exudates of 10^ spore-inoculated 

seedlings because at this inoculation dosage, border cell viability was not affected when 

compared to that of the non-inoculated seedlings. Alternatively, sensing of border cell 

death by the root tip could have led to the production/release of this substance from the 

root tip tissue. It is also possible that the release of this substance from the root tip may 

have been activated in response to initiation of active penetration of the root tip tissue by 

the fungus, because under the conditions used for this experiment (inoculation of 

seedlings laid on water agar), flmgal penetration of the root tip is thought to occur as 

early as 24-36 hours after inoculation (Chapter 2). If this is the case, lengthening the 

incubation period for seedlings inoculated with 10^ spores to 48-72 hours to allow 
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penetration of the root tips could have resulted in a similar effect of decreased fungal 

growth in exudates collected from seedlings inoculated with 10® spores. 

The fact that Nectria isolates with genetic variability exhibited the same growth 

inhibition in response to REI suggests that its mode of action may affect a fundamental 

metabolic process in Nectria species. However, the absence of any effects of the root 

exudates from N. haematococca inoculated seedlings on another pea pathogen, M. 

pinoides indicates that REI action is not similarly effective against all frmgal species. 

Alternatively, it is also possible that M. pinoides is able to degrade, adapt or alter the 

action of REI. It would be interesting to test for any possible inhibitor compound 

towards M. pinoides growth in the exudates collected from the seedlings inoculated with 

M. pinoides. 

Roots are known to synthesize and secrete compounds that are inhibitory to the 

growth of certain organisms. One example is phytoalexins. Using pea plants as their 

model, Novak and Stanek (1989) demonstrated that most of the phytoalexin made by the 

elicited roots was excreted to the outside from plants grown in hydroponics and suggested 

that a similar release should occur from the roots under soil conditions (Novak, 1989). 

Considering the antimicrobial quality of the phytoalexins and their ability to define host 

pathogen relations, such release of pisatin from roots could have a dramatic effect on the 

rhizosphere organisms. However, two reasons make it unlikely that REI described in 

this study is the phytoalexin, pisatin, made by pea. (1) The N. haematococca isolate used 

for this study is able to readily degrade pisatin and has not been shown to display any 
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significant reduction in growth in response to pisatin. (2) Evaluation for the presence of 

pisatin indicated that there was no clear indication of any presence of this substance in the 

root exudates from inoculated seedlings (Data not shown). Roots are known to release a 

diverse range of phenolics that have been shown to exhibit antimicrobial effects 

(Kobayashi et al., 1996). It is possible that such a substance may have caused the 

observed growth decrease described in this study. 

Therefore, an inhibitory compound that is present in the root exudates at low 

levels and induced to higher levels with N. haematococca inoculation appears to play a 

role in limiting the growth of this fungus during mantle formation. Even though effective 

against all Nectria species tested, REI did not exert a similar effect on M. pinoides, 

another fiingal pathogen of pea. Together with border cell separation, REI's effect on the 

growth of iV. haematococca may play a synergistic role to protect the root tip from fungal 

infection. Such a substance could compromise the growth of N. haematococca within the 

mantle such that the separation of border cells is effective at limiting the encounter 

between the fimgus and the root tip. Therefore, this could in part explain the surprising 

finding that the root tip can remain sterile despite having a mass of virulent fungal hyphae 

around itself (Chapter 2). 
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4. CHARACTERIZATION OF EARLY EVENTS INVOLVED IN 

MANTLE FORMATION 

In Chapter 2 & 3, the biological basis for the localized infection by root pathogens 

was explored. Data to support the model in which border cells together with a root 

exudate associated growth inhibitor prevents/delays infection of root tip tissue by N. 

haematococca was presented. Two important and novel discoveries made during the 

course of this investigation include (1) the formation of mantles around the root tip by 

pathogenic fungi and (2) the lack of root tip penetration by the mantle forming hyphae. 

Since the germination of the pathogen propagules and their colonization of the border 

ceils are important steps in effectively removing the fungal propagules from the root tip 

area, further characterization of events leading to mantle formation was undertaken. 

Data collected from this investigation are presented in this chapter in two sections. 

Section One focuses on the characterization of a substance present within the root 

exudates of pea that induces the rapid germination of N. haematococca macroconidia. 

Section Two describes the events leading to the colonization of the border cells by N. 

haematococca. 

The results of these two sections indicate that upon inoculation of the pea roots 

with N. haematococca macroconidia, spores germinate around the root tip within 2-3 

hours. Partial characterization of the germination stimulating substance indicates that it is 

a highly polar compound that acts similar to the flavonoid compounds released from 

plants. During the growth of these germinating propagules among the border cells, cell 
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viability decreases in a pathogen specific manner with border cell susceptibility occurring 

only in response to pea pathogens. This decrease in border cell viability is proposed to 

facilitate their colonization because to date, active penetration of border cells by any of 

the pea pathogens has not been observed. The cause of decrease in border cell viability is 

not known but evaluations conducted with N. haematococca indicate that it does not 

appear to be due to any toxin like compounds released by this fungus. 
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4.1. PARTIAL CHARACTERIZATION OF A SIGNAL PRESENT 

WITHIN THE ROOT EXUDATE OF PEA THAT INDUCES THE 

GERMINATION OF NECTRIA HAEMATOCOCCA MACROCONIDIA. 

Introduction 

In the absence of a host plant, most fungi survive as a diverse array of resting 

propagules, such as sclerotia, conidia and chlamydospores. At the approach of a host, 

these propagules must germinate in order to initiate an interaction with the host plant. 

Due to the importance of propagule germination in the establishment of such interactions, 

the identification and the characterization of substances that are involved in inducing the 

germination of the resting propagules of fungi has received a lot of attention. 

A diverse array of soluble substances such as sugars, amino acids, organic acids 

flavonoids, sterols and proteins as well as non-soluble and volatile material has been 

characterized or implicated as germination stimulators (Nelson, 1991; Nelson, 1987; 

Gorecki et al., 1985; StotsJcy and Schenck, 1976). Most of these substances are known to 

be components of root exudates, which play a central role in mediating root-microbe 

interactions within the rhizosphere (Curl and Truelove, 1986). 

Propagules of soil inhabiting pathogenic flmgi germinate in the rhizospheres of 

susceptible plant species thus allowing them to initiate a rapid and successful pathogenic 

interaction with the host roots. One well-characterized example of the specificity of 

induction of propagule germination by root exudates is the interaction between 

Sclerotium cepivorum and roots of its host. Allium species (Coley-Smith and King, 1970). 
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Allium roots are known to release ally I and propyl cysteines and their respective 

siilphoxides, which are degraded by rhizosphere inhabiting bacteria to yield volatile alkyl 

sulphides that stimulate the germination of S. cepivorum sclerotia (King and Coley-

Smith, 1969). Due to the uniqueness in the release of such sulphoxides from Allium 

species, the propagules of S. cepivorum do not germinate in response to exudates from 

other plant genera (Nelson, 1991). 

Contrary to the above-mentioned example, generally, root exudates can induce 

germination of pathogenic propagules in a non-specific manner. For example, propagules 

of various Fusarium species and many other fungi including Rhizoctonia fragariae and 

Aphanomyces euteiches germinate in response to a stimulus from root exudates of a 

variety of non-host plants (Chinn, 1953; Macfarlene, 1952; Scharen, 1960; Schroth and 

Hendrix, 1962; Turner, 1963). Even though at first, such non-specific germination 

appears to be disadvantageous to fungi, investigations have revealed that this actually 

benefits the pathogens. It is suggested that germination and development of the mycelial 

stage result in an augmentation of pathogenic propagules in soil (Tousson et al, 1963; 

Papavizas et al, 1968). For example, studies with F. solani f. sp. phaseoli have revealed 

that the germination and opportimistic saprophytic growth of this bean pathogen in root 

exudates of tomato, lettuce and maize, led to the doubling of its chlamydospore 

population in soil (Schroth et al,1963). 

Fusarium solani f. sp. pisi is one of the organisms which has been used 

extensively to characterize the relationship between pathogen germination and the onset 
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of disease in the host plant. Root exudates of pea induce the germination of F. solani f. 

sp. pisi but as in other systems, germination does not appear to correlate strongly with the 

development of a susceptible or resistant interaction with the host. Within the limits of 

the assays used to measure responses, exudates of both resistant and susceptible cultivars 

of pea equally induce the germination of the macroconidia of F. solani f.sp. pisi under in 

vitro conditions (Kraft, 1974; Whalley and Taylor, 1973). However, the exudates may 

play a role in determining specificity is indicated because development of the spores 

beyond germination may be responsive to other factors present within the exudates of 

susceptible roots. For example, some exudate components can induce the germination of 

F. solani f. sp. pisi macroconidia but further development is dependent on the amount of 

available sugar. Delphinidin is an anthocyanin that is released from both resistant and 

susceptible cultivars of Plant Introduction (P.I.) accessions of pea and can induce the 

germination of F. solani f. sp. pisi macroconidia. However, at low sugar concentrations, 

even though conidial germination occurs normally, they readily develop into 

chlamydospores (Krafit, 1977). Such transformation was not seen when germination 

occurred under conditions in which adequate amounts of sugar were available. It was 

suggested that the susceptible lines may exude greater amounts of sugar than the resistant 

lines leading to higher germination rates of the pathogen conidia or chlamydospores 

(Kraft, 1977). 

The germination of F. solani chlamydospores occurs within 24 hours after 

introduction of pea seeds into soil within a 7 mm radius of the plant (Cook and Snyder, 
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1965; Short and Lacy, 1974). Sugars and amino acids found within the root exudates are 

thought to play an important role in this germination because they induce propagule 

germination in vitro (Schroth et al, 1963; Short and Lacy, 1976; Grifiin, 1970a & b). 

However, the high amounts of these substances needed to induce germination relative to 

the amounts present within the root exudates raise questions as to the importance of these 

substances in inducing germination. 

Recent in vitro investigations revealed that macroconidia and chlamydospores of 

Nectria haematococca, the teleomorph of F. solani f sp. pisi, germinate in response to 

flavonoid substances (Ruan et al, 1995). This novel discovery resulted in the 

identification of two separate pathways for spore germination in N. haematococca (Ruan 

et al, 1995). These are known as the nutrient and flavonoid responsive pathways. 

Inhibitors of protein kinase A, such as H89, are known to selectively inhibit germination 

of macroconidia via the flavonoid responsive pathway while that of the nutrient 

responsive pathway is unaffected by such treatments. The same study also presented 

preliminary data that indicated the presence of a flavonoid-like substance in the root 

exudates of pea, which induces the germination of macroconidia via the flavonoid 

responsive pathway within 6 hours after exposure of conidia to the root exudates. 

This section describes the presence and the partial characterization of another 

substance. Root Exudate Gemination Signal (REGS) present within the root exudates of 

pea (cultivar Little Marvel). REGS is highly polar substance that induces the germination 

of Nectria spores via the flavonoid responsive pathway within 2-3 hours after exposure. 
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Similar to Delphinidin, the stimulation of spore germination and further development 

may depend on the availability of adequate amounts of sugar or other nutrients. Huisman 

(1982) proposed that root tip escape from infection is attributed to the length of time 

needed for propagule germination vs. the relative growth rate of the root tip. Therefore, 

the rapidity at which REGS induces the germination of N. haematococca macroconidia 

prompted further evaluation of this substance because such signals can play important 

roles in determining the nature and the type of interactions between plant roots and soil 

microorganisms. 

Materials and Methods 

Seedling germination and maintenance of Nectria haematococca cultures 

Pea (Pisum sativum) seeds of cultivar Little Marvel were surface sterilized with 

95% ethanol (10 minutes) and full strength bleach (30 minutes), rinsed thoroughly then 

soaked in sterilized water for 6 hours. The seeds were spread on germination paper 

overlaid on 1% water agar and incubated at 24°C for two days in the dark. Seedlings with 

no apparent contamination were used for the experiments. 

N. haematococca (Berk. & Br) isolate, 34-18 (containing the conditionally 

dispensable [CD] chromosome) was used mainly for these experiments unless otherwise 

noted (Funnel et al, manuscript in preparation). N. haematococca isolates 94-2-4 and 44-

100 do not contain the conditionally dispensable (CD) chromosome (Kistler,1983; Kistler 

and VanEtten, 1984) and were used to asses the effects of any influence of the 
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pathogenicity genes that reside on this chromosome on spore germination (Wassman and 

VanEtten, 1996; HD VanEtten, personal communication). 

Cultures of all N. haematococca isolates were maintained on V8 agar (medium 

29, Stephans, 1974). The macroconidia were rubbed off and the conidia were washed 

three times by alternating round of centrifiigation (3500 g for 1 minute) and resuspension 

of the pelletted spores in 1 ml water. The spores were enumerated using a 

haemocytometer and the desired spore concentrations were obtained by diluting the 

collected spores with water. 

Collection of root exudates 

Root tips (ca. 1-2 mm of the root apex including the root cap and meristematic 

region) of two-day-old seedlings with a radicle length of 2.5 cm were immersed in 1 ml 

of water and washed by gently pipetting with water. Unless otherwise noted, exudates 

were isolated at a concentration of 25 root tips worth of exudates in I ml water. Border 

cells were removed from the collected exudates by centrifiigation at 3500 g for 5 minutes. 

"Root exudate" refers to the supernatant component obtained after this centrifiigation 

step. If needed, the root exudates were further concentrated by lyophilization and 

resuspension in water. 

In vitro evaluation of germination 

For the evaluation of macroconidia germination stimulation by root exudates and 

border cells, 200 (j.1 volume containing approximately five root tips worth of exudates 

was inoculated into wells of a 24 well plate and treated with 5x10^ spores. The plate was 
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covered with aluminum foil and gently shaken at 125 rpm for 2.5 hours unless otherwise 

noted. At the end of the time period, 10 of the suspension was spotted onto a glass 

slide and the germination level of200-300 spores was recorded. 

To determine the effect of border cells on the germination of N. haematococca 

macroconidia, border cells were washed two times with sterile distilled water and 

suspended at approximately 20,000 cells per well. The rest of the treatments were as 

described above. For all experiments, water was used as a control for non-specific 

germination. 

Evaluation of the effect of H89 (inhibitor of protein kinase A) on the germination 

stimulation 

Root exudates and the spores were prepared and mixed as described above. H89 

(Calbiochem, Cat. #: 371963) was dissolved in water (stock solution: 1.9 mM) and was 

added to the appropriate wells at a final concentration of 100 (iM. Germination was 

assessed as described above. 

To evaluate the effect of H89 in nutrient media, 200 fil of the liquid cultures of 

GA (VanEtten et al, 1980) and MlOO minimal medium (VanEtten and Kistler, 1988) 

were introduced into wells of a 24 well plate. The wells were inoculated with 2x10^ 

spores of N. haematococca. H89 was added as necessary for a final concentration of 100 

^iM. The wells that did not receive H89 were inoculated with an equal volume of water. 

Germination was assessed as described above. 
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Evaluation of the effect of root exudate concentration and conidial density on spore 

germination 

The root exudate concentration was adjusted so that exudates of 0, 2.5, 5 and 10 

tips are contained in 400^1 water. Then 10', 2x10' and 10® spores were inoculated into 

each of tlie exudate concentrations and germination was assessed as described before. 

For the analysis of germination when inoculated at lO' spores, the same assay as 

described above was used. The desired amounts (exudates from 5 and 10 root tips) of 

root exudates were obtained by diluting a stock solution containing root exudates of 

approximately 35 root tips per 1 ml water. These were inoculated with 10^ spores. 

Glucose (2.5mg/ml) and H89 (100 ^M) was added to the suspensions as warranted. The 

final volumes were adjusted when necessary with water. Germination was assessed as 

described above. 

Determination of the freeze and heat stability of REGS 

The exudate concentration was adjusted to contain about twelve root tips worth of 

exudates in 1 ml of water and 800 jil aliquots were placed into eppendorf tubes and were 

boiled in a water bath for 30 minutes. The non-treated root exudates remained at room 

temperature for 24 hours. 400 (il of untreated and boiled root exudates and water were 

introduced into wells of a 24 well plate and were inoculated with 2x10® spores of Nectria 

haematococca. Germination was assessed as described above. 

To determine the freeze stability of REGS, similar eiliquots of root exudates were 

frozen for 24 hours and germination inducing potential of the unfrozen and frozen 
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exudates were assayed as described above. Water was again used as the control for non

specific germination. 

Evaluation for the spectral profile of the root exudates and fractionation of the 

putative flavonoid substance into organic solvents 

Five hundred microliters of root exudates (containing approximately 2 root tips 

worth of exudates) were introduced into a quartz cuvette and scanned from 900-200 nm 

and later from 400-200 nm. 

To evaluate the partitioning of the putative root exudates flavonoid (REF) into 

different organic solvents, 500 (il of the exudates were mixed with an equal volume of the 

organic solvents (chloroform, ethyl acetate, ethyl ether and carbon tetrachloride) and 

shaken vigorously by hand for 2-3 minutes. The phases were allowed to separate, 

recovered separately and dried to completion. The organic phases were resuspended in 

50 fil of DMSO while the aqueous phases were resuspended in 50 nl of water. These 

were diluted to 500 (il and subjected to scanning from 400-210 nm as described above. 

Fractionation of root exudate into organic substances 

One milliliter of root exudate was put into a glass tube or bottle and was extracted 

with an equal volume of the organic compound of interest. Extraction was carried out by 

violent shaking by hand for about 2 minutes. The phases were allowed to separate and 

the organic and aqueous phases were recovered separately. The organic phases were 

evaporated in a flow hood and the residue was dissolved in small amounts of DMSO 

(Dimethy Isulfoxide) such that not more than 5 ^1 of DMSO was applied to water to 
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obtain the desired concentration of the germination signal in a total volume of400 fil. 

The aqueous phases were dried by lyophilization and the resultant material was 

solubilized with water to the desired concentration. An aliquot of the spore suspension 

containing 2x10^ spores were introduced to 400 nl of the respective phases and 

germination stimulation was assessed as described above. 

Adjustment of pH before extraction with organic solvents 

The pH of the root exudates was adjusted to the desired range by adding diluted 

hydrochloric acid and sodium hydroxide. Small aliquots were taken out at times to test 

with pH paper until the desired range was reached. In the end, necessary amounts of 

water were added to all the root exudates at different pH ranges to equalize the 

concentration of the root exudates. Extraction of pH altered root exudate into hexane was 

carried out as described above. 

Determination of the size of REGS 

Attempts to determine the size of the germination signal was carried out by (1) 

Size exclusion chromotography and (2) dialysis. 

(1) Size exclusion chromotography: A 1.5 cm diameter column was packed to 20 cm 

height with Biogel PIO (Bio Rad, Cat. U 150-4144 ) which was hydrated and washed with 

0.1 M phosphate buffer (pH 6.0) prior to loading. The sample (500 ^I of root exudates at 

approximately 80 root tips worth of exudates in 1ml) was loaded onto the column and 

elated with water. Fifty 3 ml fractions were recovered with the use of a fraction collector. 

Blue Dextran (2,000,000 mw) was used to determine the void volume. Four hundred 
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microliter volumes from each of the fractions were used to evaluate for the stimulation of 

germination using 2x10^ spores. Germination was assessed as described above. 

(2) Dialysis: Two kinds of dialysis bags with 12,000 and 25,000 molecular weight cut off 

(mwco) values were used. One milliliter of root exudates was introduced into each bag 

and dialyzed in 4 L of water with at least four changes of water. Four hundred microliter 

volumes of the solution (containing approximately five root tips worth of exudates) 

remaining inside the bags was subjected to analysis of germination stimulation using 

2x10^ spores. Germination was assessed as described above. 

Results 

Stimulation of germination of N. haematococca spores by root tip or border cell 

exudates of pea 

As mentioned in Chapter 2, when 2-day-old seedlings were uniformly inoculated 

with macroconidia of isolate, 34-18, of N. haematococca, germination of conidia 

occurred within 2-3 hours after inoculation. Pea root exudates were examined in vitro for 

stimulation of germination of N. haematococca macroconidia. When exudates (at a 

concentration of approximately 5 root tips per 400 fil) were mixed with 10^ spores, >90% 

germination occurred within 2-3 hours. Border cells, also, similarly stimulated the 

germination of macroconidia (Figure 4.1.1). In contrast to root exudates or border cells, 

germination of Nectria spores in water was < 5% within this time period. 
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Figure 4.1.1; Germination stimulation of Nectria haematococca macroconidia by root 

e.xudates (RE) and border cells (BC) of t^vo day old pea seedlings at (A) 2.5 and (B) 6 

hours after inoculation. 

Root exudates and border cells were collected by inserting root tips of two-day-old 

seedlings in water and then gently pipetting with a Pasteur pipette. The border cells 

were separated from the e.xudates by centrifligation (3500 g) and were washed twice 

with sterile distilled water to remove root exudates from the cell exterior. The root 

exudates and border cells of approximately five root tips were introduced into wells of 

a 24 well plate and were inoculated with 5x10' spores. The plate was covered in 

aluminum foil and gently shaken at room temperature for 2.5 hours. Ten microliters 

of the suspensions was taken out for counting to determine the percentage of 

germinated spores. The data represent mean values from five different trials each of 

which contained two replicates. 
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Some isolates of N. haematococca (e.g. 34-18) contain a conditionally 

dispensable (CD) chromosome that harbors genes {PEP: PEa Pathogenicity) that are 

necessary for high virulence of this pathogen on pea seedlings (Wassman and VanEtten, 

1996; X Liu and HD VanEtten, personal communication). Two isolates of N. 

haematococca, 94-2-4 and 44-100, which do not contain this CD chromosome were used 

to evaluate whether the genes present within the CD chromosome of 34-18 play a role in 

sensing and responding to the germination signal. Macroconidia of both isolates 

germinated within 2-3 hours after exposure to the exudates of pea indicating that there is 

no impact of the CD chromosome on the germination stimulation of macroconidia 

(Figure 4.1.2). 

Evaluation of the pathway responsible for root exudate-stimulated macroconidia 

germination 

To determine whether the germination stimulation by root exudates occurs via the 

nutrient or the flavonoid responsive pathway, a protein kinase A inhibitor, H 89, was 

incorporated into the suspension containing exudates and the macroconidia. Addition of 

H89 completely inhibited (0%) the germination induction of macroconidia by both root 

exudates and root border cells (Figure 4.1.3) for as long as 24 hours, the longest 

timeperiod evaluated. That this inhibition of germination was not due to the loss of 

conidial viability by exposure to H89 was verified by staining of spores with fluorescein 

diacetate (FDA), a vital stain. The conidia exposed to H89 for 24 hours stained bright 

green with FDA indicating that they were viable spores. In addition, these conidia were 
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Figure 4.1.2: Germination stimulation of macroconidia of (A) 94-2-4 and (B) 44-100 

isolates oiNectria haematococca by root exudates (RE) border cells (BC). 

Root exudates and border cells were collected by inserting root tips of two-day-old 

seedlings in water and then gently pipetting with a Pasteur pipette. The border cells 

were separated from the exudates by centrifiigation (3500 g) and were washed twice 

with sterile distilled water to remove root exudates from the cell exterior. The root 

exudates and border cells of approximately five root tips were introduced into wells of 

a 24 well plate and were inoculated with 5.xlO^ spores. The plate was covered in 

aluminum paper and gently shaken at room temperature for 2.5 hours. Ten microliters 

of the suspensions was taken out for counting to determine the percentage of 

germinated spores. The data represent mean values from two different trials each of 

which contained two replicates. 
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Figure 4.1.3: Inhibition of root e.Kudates and border cell stimulated Nectria 

haemaiococca macroconidia germination by the protein kinase A inhibitor. H89. 

Root e.xudates and border cells were collected as described in Materials and Methods. 

The border cells were separated from the exudates by centrifiagation (3500 g) and were 

washed twice with sterile distilled water to remo\ e root exudates from the cell 

exterior. The exudates and border ceils of approximately five root tips were 

introduced into wells of a 24 well plate and were inoculated with 5x10" spores. One 

set of wells received H89 at 100 )iM while the other set received an equal amount of 

water. The plate was covered in aluminum paper and gently shaken at room 

temperature for 2.5 hours. Ten microliters of the suspensions was taken out for 

counting to determine the percentage of germinated spores. The data represent mean 

values from five different trials each of which contained two replicates. 
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capable of germination and growth when plated on a growth medium such as V8 juice 

agar. The germination of macroconidia of N. haematococca isolates, 94-2-4 and 44-100, 

which do not contain the CD chromosome was also similarly affected by the addition of 

H89 (Data not shown). 

When the conidial germination was assayed in culture medium such as GA (a 

complex medium) or Ml00 minimal medium (a chemically defined medium), H89 did 

not affect the germination of spores and the conidia germinated within 2-3 hours 

regardless of the presence of H89 (Figure 4.1.4). This verified the results of Ruan et al, 

(1995) that in nutrient media, germination of macroconidia can occur independent of the 

flavonoid responsive pathway. 

Root exudate concentratioii and conidial density effects on spore germination 

To evaluate whether the germination stimulation and further development of the 

macroconida by REGS is dependent on conidial density and the nutrients, exudates from 

2.5. 5 and 10 root tips (contained within 400 ^1) were evaluated for their ability to 

germinate N. haematococca macroconidia suspended at different densities. No effect of 

exudate concentration on germination was seen when inoculated with lO'^ and 2x10^ 

spores (Figure 4.1.5). At a density of 10^ spores, with 10 and 5 roots' worth of exudates, 

germination was essentially equal to that observed when inoculated with lower spore 

densities. However, an effect on germination was observed when exudates from 2.5 root 

tips was inoculated with 10^ spores. The germination rate decreased from approximately 

95% to 72% +/- 13 with this spore density. In addition, the germ tubes of the spores 
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GA GA+H89 Ml 00 M100+H89 

Figure 4.1.4: Evaluation of the effect of protein kinase inhibitor, H89, on the 

germination of macroconidia of Nectria haematococca, suspended in GA medium 

and Ml GO minimal medium. 

Two hundred microliters of the liquid cultures of GA and Ml GO minimal media 

were introduced into wells of a 24 well plate. H89 was added as necessary for a 

final concentration of 1OG (aM. The wells that did not received H89 were inoculated 

with an equal volume of water. The plate was covered in aluminum foil and 

incubated at room temperature with shaking. At 2.5 hours after treatment, IGfil 

suspensions were taken out and germination status of 2G0-3G0 spores were counted. 

The data represent mean values from three different trials each of which contained 

two replicates. 
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Figure 4.1.5: Effect of root exudate concentration and conidial density on the 

germination of macroconidia of Nectria haematococca. 

Root exudates and border cells were collected by inserting root tips of two-

day-old seedlings in water and then gently pipetting with a pasteur pipette. 

The border cells were removed from the exudates by centrifugation. The root 

exudates were diluted appropriately with water and were introduced into wells 

of a 24 well plate. Each well was inoculated with the desired number of 

spores. The plate was covered in aluminum paper and gently shaken at room 

temperature for 2.5 hours. Ten microliters of the suspensions was taken out for 

counting to determine the percentage of germinated spores. The data represent 

mean values from three different trials each of which contained two replicates. 
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suspended in this exudate concentration exhibited swelling and morphology similar to 

that seen when spores are undergoing chlamydospore formation (Figure 4.1.6). Higher 

root exudate concentrations inoculated with 10^ spores or the same exudate concentration 

inoculated with lower spore numbers did not cause such an effect. Adding sugar (2.5 

mg/ml) to the medium did not result in any clear suppression of the formation of putative 

chlamydospores. 

Even though the conidial density did not affect germination when the 

macroconidia were dispersed at 10^ spores in exudates from five root tips, germination 

was completely inhibited when the spore concentration was increased to 10^. When this 

exudate was supplemented with 1 mg (final concentration: 2.5 mg/ml) of sugar, a slight 

improvement in spore germination was seen. On average, this induction was inhibited by 

the addition of H89. When the root exudate concentration was doubled, germination was 

slightly higher at 2% +/- 1.2 (Figure 4.1.7) but this value is negligible when compared to 

the germination rate of spores when suspended at 10^ spores in the same amount of root 

exudates. Addition of sugar to root exudates (ten tips/ 400 }il)increased the germination 

rate to 6% but this was also inhibited by the addition of H89. 

Stability of REGS 

Root exudates were subjected to freezing and boiling to determine the stability of 

REGS. Freezing of the root exudates for 24 hoiirs or boiling for 30 minutes did not 

hinder the biological activity of REGS (Figures 4.1.8 & 4.1.9). 
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Figiire 4.1.6: Chlamydospore formation (arrow) by 

germinating macroconidia of Nectria haematococca 

when suspended at 10^ spores in exudates from 2.5 root 
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Figure 4.1.7: Effects of exudate concentration on germination under high spore 

density conditions. 

Root exudates of two-day-old seedlings were collected by immersing the root tips in 

1 ml water. The exudate concentration was adjusted with water such that the desired 

concentration was contained in 300 |il of total volume placed in wells of a 24 well 

plate. Sugar (2.5 mg/ml) and H89 (100 (iM) were added to the respective wells. 

Conidia of N. haematococca were quantified and were introduced to the wells and 

the plate was covered with alumimum foil and was incubated at room temperature 

with shaking. After 2.5 hours, 10 ^1 suspensions were taken out and the 

germination state of 200-300 spores were evaluated. Data represent mean values 

obtained fiom three different trials each of which contained two replicates. 
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Figure 4.1.8: Freeze stability of REGS. 

Root exudates were collected by inserting root tips of two-day-old seedlings in water 

and then gently pipetting with a Pasteur pipette. The border cells were separated from 

the exudates by centrifugation. Fractions of the exudates were frozen for 24 hours. 

The frozen and unfrozen exudates were introduced into wells of a 24 well plate and 

were inoculated with 2x10^ spores. The plate was covered in aluminum foil and 

gently shaken at room temperature for 2.5 hours. Ten microliters of the suspensions 

were taken out for counting to determine the percentage of germinated spores. The 

data represent mean values from three different trials each of which contained two 

replicates. 
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Figure 4.1.9: Heat stability of REGS. 

Root exudates were collected from two day old pea seedlings. Eight hundred 

microliters of the exudates (approximately five root tips per 400 jal) was boiled 

in a water bath for 30 minutes. Four hundred microliters of the unboiled root 

exudates (RE) and boiled (Boil) were introduced into wells of a 24 well plate. 

Water was used as a control. 2x10^ spores of Nectria haematococca were 

introduced into each of the wells and the plate was shaken at room temperature, 

in the dark for 2.5 hours. Ten microliters from each of the wells were taken out 

and counted to estimate the percentage of germination of the fimgal spores. Data 

represent mean values from three independent trials each of which contained two 

replicates. 
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Evaluation of the UV profile of the root exudates. 

Since flavonoids are known to absorb UV radiation, root exudates were analyzed 

for the presence of UV-absorbing substances. The scan from 900 rmi to 200 nm revealed 

a single large peak in the UV range and a detailed scan ranging from 400 to 200 nm 

revealed that this peak ranges from approximately 295 - 236 imi with the peak at around 

264 nm (Figure 4.1.10). The substance(s) giving rise to this peak was named as REF 

(Root Exudate Flavonoid). 

Fractionation of REGS into organic solvents 

The presence of UV-absorbing material in the root exudate suggested that 

the stimulation of conidial germination could be in response to a flavonoid-like 

substance. Therefore, an evaluation of whether the germination signal can be fractionated 

into an organic phase was undertaken. The germination stimulation compoimd present 

within root exudates of pea identified by Ruan et al, (1995) fractionated into hexane. 

However, REGS did not fractionate into any of the organic reagents tested (Table 4.1.1). 

The pH of the root exudates is approximately 5.5. Adjusting the pH of the root exudate 

to higher acidity or higher alkalinity did not alter the fractionation of the germination 

signal into the aqueous phase when extracted with hexane (Data not shown). 

An evaluation of the relationship between REGS and REF was done by analyzing 

the UV profile of the aqueous and the organic phases after extraction of the root exudates 

into organic solvents. REF similar to REGS was retained in the aqueous phase when 



Figure 4.1.10: UV profile of the root exudates. (A) 900-200 

nm and (B) 400-200 nm range. 

Root exudates from approximately ten seedlings were 

obtained by immersing root tips of two-day-old seedlings in 1 

ml water. Border cells were removed by centrifugation and 

200 (4.1 of this suspension was diluted to 500 ^1 and was 

subjected for spectral analysis. 
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Table 4.1.1: Induction of germination of Nectria haematococca macroconidia 

by root exudate substances fractionated into different organic solvents and their 

respective aqueous phases 

PHASE GERMINATION 

Chloroform phase -

Aqueous phase of chloroform extraction + 

Hexane phase -

Aqueous phase of hexane extraction + 

Ethyl acetate phase • 

Aqueous phase of ethyl acetate extraction + 

Carbon tetrachloride phase • 

Aqueous phase of carbon tetrachloride extraction + 

Ethyl ether phase • 

Aqueous phase of ethyl ether extraction + 



Legend to Table 4.1.1 

1 ml of root exudates (approximately 25 root tips/ml) was rigorously 

shaken with respective organic solvents for about 2 minutes. The phases 

were allowed to separate and the organic layer and the aqueous layers 

were separated and dried completely. The organic phases were 

resuspended in DMSO while the aqueous phases were resuspended in 

water. Appropriate amounts of each were added to wells of a 24 well 

plate to a final volume of 400 fil so that each contained equal amounts of 

root exudates. Each well was inoculated with 2x10^ spores. The plate was 

covered in aluminum foil and shaken at room temperature for 2.5 hours. 

Ten microliters of the suspensions were taken out for counting and the 

germination status of 200-300 spores were evaluated. 
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extracted with ethyl acetate and ethyl ether (Figxire 4.1.11). Similarly, REF did not 

fractionate into hexane, chloroform or carbon tetrachloride (scans not shown). 

Evaluation of the relationship between REGS and REF and sizing of REGS 

Two different methods were used to determine the size of REGS; size exclusion 

chromatography and dialysis. For size exclusion chromatography. Bio gel PIO, with an 

exclusion range 1500-20,000 mw was used. Three-milliliter fractions were collected and 

the elution of the void volume indicator, blue dextran, was determined to occur in 

fractions 3-6. Using the biological assay, REGS was determined to elute from the 

column in the fractions ranging from 8-14 (Figure 4.1.12). A 200,000 mw size marker 

(Gibco BRL) was determined to elute in fractions 10-13. However, since both these 

markers are greater than the exclusion range of Bio gel PIO, specific sizing of REGS is 

inconclusive at this time. 

Since both REGS and REF were determined to have similar properties of non 

fractionation into organic phases and some features indicative of flavonoid like 

substances, an effort was made to determine whether the amount of REF present in the 

collected fractions positively correlates with the amount of germination stimulation by 

the fractions. Therefore, 500(il of the fractions were analyzed by spectrEil analysis in the 

range, 400 nm - 210 nm. This study indicated that the amount of REF in the fractions 

did not positively correspond with the level of germination stimulation exhibited by the 

fractions. However, all the fractions that had biological activity contained some amounts 
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Figure 4.1.11: Fractionation of REF into organic solvents. (A) Root 

exudate before extraction, (B, D) aqueous phases and (C,E) organic 

phases of the root exudates after extraction into ethyl acetate and ethyl 

ether respectively. 

Extraction was carried out by mixing the root exudates with an equal 

volume of the organic solvents and vigorously shaking for 2-3 minutes. 

Phases were allowed to separate and individually dried to completion. 

The aqueous phases were resuspended in water and the organic phases 

were resuspended in small amount of DMSO. For scanning, 

approximately two root tips worth of exudates were incorporated into a 

final volume of 500 nl and was scanned in the range of 400-210 nm. 
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Figure 4.1.12: Elution partem of the germination signal from the Bio gel P-

10 column (Size exclusion chromatography). 

500 j^l of root exudates (80 root tips/ml) was loaded omo Bio gel P-10 

column and eluted with water. 3 ml fractions were collected and the 

presence of REGS was evaluated by incubating 400 ^il of the fractions with 

2x10" spores. Incubation was carried out in 24 well plate with shaking in the 

dark for 2.5 hours and 200-300 spores were ev aluated to determine the rate 

of germination. 
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of REF indicating that REF may be fractionating along with the germination stimulating 

substance. 

Since the size exclusion chromotography indicated that REGS may be greater 

than 20,000 mw, two types of dialysis membranes (12,000 mwco and 25,000 mwco) were 

used to verify this data. However, the data obtained were inconclusive because the 

retention or the passing of REGS through these two different dialysis membranes did not 

occur in a consistent manner and results varied in different trials (Table 4.1.2). Dialysis 

membranes were tested using Blue dextran (2,000,000 mw) and Toluidine blue (F.W. 

386). Blue dextran was retained while Toluidine blue passed through from both types of 

membranes indicating that the dialysis membranes were functioning properly. 

Discussion 

The data presented indicate the existence of a substance or a collection of 

substances (REGS) that can stimulate the germination of macroconidia of Neciria 

haematococca within 2-3 hours after exposure to the root exudates of two-day-old pea 

seedlings. Among known germination signals for these propagules, such as sugars and 

amino acids, REGS stimulates germination within the shortest time recorded (Griffin, 

1970b). Since the germination times may play an important role in determining the 

location and the establishment of disease (Huisman, 1982; Nelson 1991), the 
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Table 4.1.2: Stimulation of germination of Nectria haematococca macroconidia after 

dialysis 

Trial # Dialysis Membrane 
12,000 MWCO 

Dialysis Membrane 
25,000 MWCO 

1 • + 

2 + + 

3 • • 

Root exudates were collected from two day old seedlings and 1 ml of the exudates were 

inserted into each dialysis bag. The bags were placed in 4 L beakers filled with water and 

the bag contents were dialyzed with at least four changes of water each of which lasted for 

at least 3 hours. The contents were taken out and similar concentrations were inoculated 

into wells of a 24 well plate and treated with 2x10^ spores. The plate was covered with 

aluminum foil and incubated at room temperature with shaking. Ten microliter 

suspensions were taken out 2.5 hours after treatment and the germination status of 200-

300 spores were evaluated. Data were gathered from two replicates contained within each 

of the trials. 
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characterization of substances that lead to the rapid stimulation of propagule germination 

can lead to the development of efficient disease preventive mechanisms. 

Ruan et al, (1995) identified a flavonoid-like compound in the root exudates of 

pea that can stimulate the germination of N. haematococca macroconidia within six hours 

after exposure. Three different characteristics of this substance were presented in support 

of its being a flavonoid molecule. (I) It induces the germination of macroconidia via the 

same pathway that is used for germination stimulation by some characterized flavonoids 

(2) The germination stimulating substance fractionated into hexane as do most other 

flavonoids. (3) Incubation of root exudates with Polyvinylpolypyrrolidone (PVPP; 

adsorbant of flavonoids and phenolic compounds), reduced the germination stimulation 

of the root exudates. Even though these data are supportive of the hypothesis, no 

conclusive data exist as to this substance being a flavonoid molecule. 

In this section, data supporting the identification of another root exudate 

substance (REGS) that can stimulate the germination of Nectria haematococca conidia 

via the flavonoid responsive pathway is presented. The relative rate of germination 

stimulation by REGS and the fact that H89 prevented the germination of conidia for 

aslong as 24 hours indicates that nutrient substances such as sugars and amino acids 

contained within the root exudates do not play an important role in inducing the 

germination of these propagules. Thus, even though sugars and amino acids can induce 

the germination of these spores, these substances are not in high enough concentration in 

root exudates to induce the germination of these macroconidia. 
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The non-partitioning of REGS to a variety of organic solvents tested including 

fairly polar reagents such as chloroform indicates that this substance is a highly polar 

compound. This particular nature of REGS distinguishes itself from the germination 

stimulating substance identified by Ruan et al, (1995) which fractionated into hexane 

indicating its relatively non-polar characteristic. Since most flavonoids are relatively 

non-polar substances that efficiently partition into organic solvents, it is unlikely that 

REGS is a flavonoid molecule and so far, the only evidence which suggests that REGS is 

a flavonoid molecule is its ability to induce germination of macroconidia via the 

flavonoid responsive pathway. However, it is known that some flavonoid molecules can 

contain high numbers of hydroxy 1 groups or exist in association with sugar residues, 

which confers some polar characteristics to these substances. Therefore, even with the 

highly polar nature of REGS, it is possible that this substance may contain some 

flavonoid features. If REGS does not belong in the flavonoid group, it is likely that the 

pathway characterized to stimulate germination in response to flavonoid molecules can 

mediate the recognition of a diverse array of substances apart from flavonoids. 

Spore germination in response to REGS also exhibited the previously described 

association between germination and propagule density (Griffin, 1970a; Griffin, 1970b). 

Investigators had previously determined that macroconidia of Fusarium solani germinate 

without any exogenous carbon or nitrogen at lower spores concentrations while such 

exogenous supply of nutrients were essential for germination when suspended at higher 

spore concentrations. It was suggested that high amounts of nutrients may counteract the 



192 

effects of an endogenous gemination inhibitor (Griffin, 1970b). That such a 

phenomenon may exist with the pea root exudates was indicated when germination was 

almost non-existent with lO' spores suspended in root exudates (at 10 tips/400|al) while 

under similar conditions, it was as high as > 90% with 10^ spores. The low germination 

rates obtained with high spore concentrations may reflect a lack of sufficient amounts of 

REGS and possibly nutrients to override an endogenous spore germination inhibitor. The 

fact that the addition of sugar very slightly improved the germination rates, but in an H89 

dependent manner, indicates that the germination stimulation by REGS may also 

dependent on the availability of sugars. 

This is also supported by the observation of chlamydospore formation by spores 

suspended at high density (10^) in lower root exudate concentration (2.5 root tips/400 

|il),. In this instance, REGS may have been present in high enough amounts to induce the 

germination of >70% of the spores but nutrients may have been limiting to an extent to 

hinder their further growth thus inducing the formation of chlamydospores. This was 

similar to that reported with the anthocyanin delphinidin and its effect on the germination 

of F. solani f. sp. pisi. Under low sugar concentrations, the spores, upon germination in 

response to delphinidin, readily developed into chlamydospores (Kraft, 1977). Therefore, 

the decrease in REGS and nutrient concentration resulting from the dilution of the root 

exudates may have led to a similar occurrence. However, supplementation of the root 

exudates with glucose did not significantly suppress the formation of putative 

chlamydospores, which suggests a lack of balance between the amount of REGS, and 
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nutrients may have been responsible for the stimulation of chlamydospore formation. 

Once REGS is purified, more specific details as to the precise requirements needed to 

override the effects of an endogenous germination inhibitor can be evaluated. 

The presence of an UV absorbing substance, REF, in the root exudates was 

interesting but it appears to be a distinct substance firom REGS. This was indicated by 

the absence of a clear positive correlation between the amount of REF and the observed 

biological activity demonstrated by the fractions collected firom the Biogel P 10 column 

used for size exclusion chromotography. However, since the peak observed by spectral 

analysis was quite broad, it is possible that more than one substance was responsible for 

the observed peak and that REGS may be one of those substances. The fact that all the 

fractions with the biological activity of germination stimulation contained REF support 

such a notion and it is possible that the amount of REGS in the exudate may not be high 

enough to affect the shape or the size of the peak significantly. Also, it is possible that 

REF may represent the nucleic acids that may be present in the root exudates. 

The difficulty in obtaining a reliable size for REGS may reflect the complexity of 

the molecule. Size exclusion chromotography indicated that the size may be greater than 

20,000 mw while the dialysis did not give any conclusive data. It is possible that REGS 

is a polymeric substance that may exist in varying sizes. If most of the constituents of 

this polymeric substance (both high and low molecular weight constituents) are capable 

of stimulating germination of Nectria conidia, and if the presence of these factors are 
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sensitive to growth conditions of the pea seedling and experimental manipulations, it 

could explain the erratic data obtained from different trials of the dialysis. 

The reason for the inability to detect the presence of the flavonoid like substance 

characterized by Ruan et al,(1995) in the root exudates examined in this study may lie in 

the difference in the exudate collection methods used by the two groups. Ruan et al, 

(1995) obtained the exudates by cutting off the cotyledon and then soaking the seedlings 

in water for a specified time. This would result in collection of substances that are 

leaking from the cut site at the cotyledon such that substances that are not usually present 

within the unwounded root exudates may also be included as part of the exudates. The 

collection method used for this study did not induce any wounding in the tissue and thus 

included only those substances that are normally found within root exudates. Therefore, 

it is possible that the substance characterized by Ruan et al, (1995) may not be usually 

present within the substances released from the roots as exudates. 

In summary, this study has partially characterized a polar substance that induces 

the germination of the macroconidia of N. haematococca via the characterized flavonoid 

responsive pathway, within 2-3 hours after inoculation on the roots. Considering the 

speed of this induction, germination stimulating substances of this type can significantly 

influence the rate of interactions between plant roots and soil microorganisms. By the 

estimates of Huisman (1982), if pathogen propagules germinate within less than six hours 

after arrival of the root tip to its vicinity, the pathogen propagules are thought to be able 

to initiate interactions with the root tip. Therefore, if substances such as REGS are 
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prevalent in root exudates of diverse plants, association of pathogen propagules with 

border cells and their removal by the process of border cell separation may be essential to 

limit invasion of the root tip by pathogen propagules. 
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4.2. EFFECT OF NECTRIA HAEMATOCOCCA ON BORDER CELLS 

Introduction 

In soil, border cells can remain alive at considerable distances from the root cap 

and are hypothesized to associate and interact with rhizosphere microorganisms (Vemeer 

and McCulley, 1982; Guinel and McCulley, 1987; Gochnauer et al, 1990). In vitro 

studies using a diverse array of pathogenic microorganisms have indicated that border 

cells, while present on the root or as individual units, can demonstrate a variety of 

responses ranging from total susceptibility to successfiil defense reactions against 

pathogens. Zoospores of Pythium dissotocum exhibit a specific chemotactic response to 

the border cells of cotton seedlings (Gossypium barbadense and G. hirsututm) and 

penetrate and cause death of the cells within one minute after inoculation (Goldberg et al, 

1989). Also, in response to host specific toxins made by ftmgal pathogens, border cell 

death occurs in a genotype specific manner (Hawes and Wheeler, 1982). However, 

border cell death in response to fungi is not always immediate and in some cases they 

induce defensive structures against pathogens (Hawes, 1998). For example, Sherwood 

(1987) reported that border cells of com were able to induce papillae in response to 

infection by the com pathogen, Colletoirichum graminicola. Other known constitutive 

and inducible responses that can have an impact on root microbe interactions include 

synthesis of nodulation gene inducers, induction of defense genes such as peroxidase and 

the production of antimicrobial compounds (Zhu et al, 1998; Cook et al, 1995 and 

Brigham et al, 1999) 
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In Chapter Two, the fungal pathogen, Nectria haematococca, was shown to 

colonize border cells and form a mantle of hyphae around the root tip. Evjiluation of the 

colonization of these cells by different pathogens of pea revealed that it occurs in a host 

specific manner with pathogens of pea effectively forming mantles while non-pathogens 

did not. Even though border cell colonization has not been described before as a disease 

associated factor, both mycorrhizae and Fusarium oxysporum species have been 

described to associate and grow among border cells during initial interaction with the 

plant roots (Fusconi, 1983; Brunner and Scheidegger, 1992; Horan et al., 1988; Turlier, 

M et al., 1994; Rodriguez-Galvez and Mendgen, 1995). However, to my knowledge, 

there have been no investigations of the physiological responses of border cells or an 

evaluation of the fate of border cells during the formation of the mantle-like structures 

around the root tip. 

To understand the process leading to mantle formation, characterization of the 

behavior of border ceils in response to N'. haematococca in the early stages after 

inoculation was undertaken. The behavior of the fungus among the border cells, its effect 

on border cell viability, physiological responses of the border cells towards the fungus; 

and effects of fungal genetic characteristics on the viability of border cells were 

evaluated. The results indicate that upon inoculation with N. haematococca, the viability 

of pea border cells decreased in a pathogen specific manner. No active penetration of the 

border cells by N. haematococca or any evidence for the presence of any excreted toxic 

substances that may affect border cell viability was detected. 
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Materials and Methods 

Maintenance of fungal cultures 

Cultures of 34-18, 94-2-4 and 44-100 isolates of N. haematococca (Berk. & Br), 

Phoma pinodella (L.K. Jones), T409 and Thielaviopsis basicola were maintained on V8 

juice agar plates (medium 29: Stephans, 1974; HD VanEtten, personal communication). 

For T. basicola cultures, 0.1% glucose was added to the medium. The cultures used were 

at least a week old and the spores were recovered by gentle rubbing of the surface with a 

sterile curved glass rod with 3-4 ml of water. The spores were spun down at 3500 g for 1 

minute, washed once with sterilized water and resuspended in water. The spores were 

enumerated using a haemocytometer and the concentrations were adjusted to the desired 

values by dilution with water. 

Evaluation of border cell viability 

Plate Assay: Pea seedlings of cultivar Little Marvel with a radicle length of 2.5 

cm were laid on germination paper overlaid on 1% water agar in petri plates. Seedling 

radicles were evenly inoculated with 50 nl of water containing 0, 10^, 10^ and 10^ spores 

of the appropriate flmgus for each experiment. The plates were incubated in the dark at 

24°C for specific time periods after which the border cells were washed off into 1 ml of 

water. Viability of border cells was evaluated using the vital stain fluorescein diacetate 

(Hawes and Wheeler, 1982). Three individual 10 jil samples were evaluated separately to 

quantitate viable and total cell numbers and the mean values were used to calculate the 
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percentage of viable cells. Each trial consisted of at least two independent experiments 

each of which included at least two replicates. 

For the evaluation of the effect of the fimgus on newly emerged border cells, the 

cells were removed from the seedlings by immersing in water and gentle squirting of 

water prior to placing on water agar and inoculation of the seedling radicles with the 

desired concentration of the fungus of interest. The manipulation and the processing of 

border cells after appropriate incubation times were done exactly as described above. 

Pouch Assay: Four seedlings with a radicle length of 2.5 cm were inserted into 

each growth pouch (Mega International, MN) containing 15 ml of water. The seedlings 

were inoculated on the radicles with 0, 10^, 10^ and lO' spores. Each trial included two 

replicates with similar design. The pouches were placed in plastic containers and were 

loosely covered with Saran Wrap to prevent drying. After appropriate incubation times, 

the manipulation of border cells to recover cells and assess their viability was done 

exactly as described above in the plate assay section. 

Fungal isolates used in the study 

The isolates used in this study are summarized in Table 4.2.1. 

Statistical Analysis 

Statistical analysis was done using the Students T test. 
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Table 4.2.1: The isolates of N. haematococca used in this study and their genetic makeup 

as to the presence of the CD chromosome. 

Isolate CD Chromosome Reference 

34-18 + Funnell et al, manuscript 

in preparation. 

94-2-4 • Kistler, (1983) 

44-100 Kistler and VanEtten, 

(1984) 
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"Toxin" Assays 

Evaluation of *^in vivo** toxin production by A/l haematococca 

Two sets of fifty seedlings with a radicle length of 2.5 cm were placed on 

germination paper laid on 1% water agar trays. Each seedling weis inoculated with 50 (il 

water containing 0 or 10^ spores of N. haematococca. The trays were covered with 

aluminum foil and were incubated at 24°C in the dark for 24 hours. Root tips of the 

inoculated vs. non-inoculated control seedlings were immersed in 1 ml of water and the 

tips were gently washed by pipetting water on to the tip. The resulting suspensions were 

passed through a 0.2 ^im filter to remove border cells and the fimgal material. The filters 

were washed with another 500 |il of water to collect any substrate lost from the original 

suspension into the filter membrane. 

To assess for the presence of a toxin like substance that affects border cell 

viability, a 500 (il sample of the filtered suspensions from inoculated or uninoculated 

seedlings was applied to two wells of a 24 well plate. Washed border cells (ca. 20, 000) 

were introduced into each well. The plate was covered in aluminum foil and gently 

shaken for 6 hours at room temperature. A 50 (il sample of the suspension was diluted to 

100 1^1 and 10 jil of this suspension was used to assess the viability using fluorescein 

diacetate as the vital stain. Three independent trials each of which contained one 

replicate was carried out. 

Evaluation of ̂ in vitro" toxin production by N. haematococca 
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A 500 sample of root exudates and border cells from approximately 10 root tips 

was distributed into each of six wells of a 24 well plate. These were inoculated with 10^ 

spores of N. haematococca per well ("RE^ set"). Another six wells were similarly set up 

but were inoculated with an equal volume of water instead of the spore suspension ("RE" 

set"). Similarly, twelve other wells were inoculated with 500 |il of water and six received 

10^ spores of N. haematococca per well ("H20^ set") and the other six received an equal 

volume of water instead of the spore suspension ("H2O' set"). The open edges of the plate 

were sealed with parafilm to prevent evaporation and was shaken at room temperature for 

24 hours. The contents of the wells were pooled and centrifiiged at 3500 g to pellet the 

fungus. The supematants were passed through a 0.2 nm filter and were used to assess for 

the presence of a to.xic substance as described in the previous section except that the 

border cell incubation with the respective filtrates was done for 24 hours instead of 6 

hours, with gentle shaking. 

Evaluation of toxin production in the culture filtrate of N. haematococca 

Fungal cultures were grown in 250 ml Erlenmeyer flasks that contained 50 ml of 

Ml00 minimal medium (VanEtten and Kistler, 1988). Macroconidia of N. haematococca 

were inoculated at 10^ spores per ml, and shaken at room temperature for 7 days. The 

cultures were filtered through a 0.2 membrane and the resulting filtrates were used in 

the experiments. 

Four seedlings were inserted into sterile growth pouches containing 15 ml of the 

fimgal culture filtrate (Ml00^, Ml00 medium (MlGO) or water. Two replicates for each 
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treatment were set up for each trial. The bags were placed in a plastic container and were 

loosely wrapped with Saran Wrap to prevent drying. The containers were placed in a 

24°C incubator in the dark. At 24 and 48 hrs after initiation of the experiment, the four 

seedlings in each treatment were pooled, washed and the viability of the border cells was 

evaluated by microscopic observation using fluorescein diacetate as the vital stain. New 

root growth subsequent to treatment was also measured for the seedlings that were 

exposed to the treatments for 48 hours. 

Results 

Effect of AC haematococca on border cells 

When pea seedlings were inoculated using the plate assay, microconidia of 

Nectria haematococca germinated among the border cells approximately 2-2.5 hours 

after inoculation of the seedling radicles. Within 4 hours and 12 hours (data not shown) 

after inoculation, viability of border cells was similar between the inoculated vs. 

uninoculated seedlings. However, 18 hours after inoculation, a dosage dependent 

susceptibility of the border cells to the fungus was seen in seedlings inoculated with high 

spore concentrations (Figure 4.2.1). While the seedlings inoculated with 10^ spores per. 

radicle displayed border cell viability similar to that of the uninoculated control seedlings, 

the viability of border cells of those inoculated with 10^ or lO' spores decreased to 26% 

and 7% within this time period, respectively. 
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Figure 4.2.1: Viability of border cells of seedlings inoculated with N. 

haematococca (A) 4 hrs and (B) 18 hrs after inoculation 

For each spore concentration, three two day old pea seedlings with full 

sets of border cells were laid on germination paper overlaid on 1% water 

agar plates. The seedlings were inoculated with the desired spore 

concentration and incubated at 24°C in the dark. At the end of the time 

period, the border cells were washed from the three seedlings, for each 

set, by immersing in I ml of water. Three aliquots of 10 were counted 

to determine the total and the number of viable cells. Viability was 

determined by using the vital stain, fluoresceine diacetate. Data represent 

mean values obtained from three independent trials (A) and six 

independent trials (B). 
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Any prominent physiological reactions of border cells toward spores of N. 

haematococca were not observed. The spores sometimes appeared to make contact with 

the border cells but did not seem to penetrate the cells (Figure 4.2.2). Most appeared to 

grow over or under the cells and spread to the other areas. Sometimes, hyphal branching 

was seen during the contact between the cell wall of the border cells and the hyphal tip. 

On the seedlings inoculated with 1 o' spores per radicle, within 18 hours, many clumps of 

border cells which were tightly associated with the hyphae were seen. Border cells in 

such clumps were dead as indicated by the shrinkage of the cytoplasm and by staining 

with fluorescein diacetate, a vital stain. 

Effect of N. haematococca on newly emerged border cells 

When the existing border cells around a root tip are removed, within 24 hours, a 

new set of cells are formed. To test whether the border cells can adapt to the fungus and 

remain viable if they develop in the presence of the fungus, seedlings whose border cells 

were removed were laid on agar plates and were inoculated with different concentrations 

of the flmgus. Eighteen hours after inoculation, the newly developed cells were 

recovered and their viability was assessed. A parallel rate of dosage-dependent 

susceptibility of the border cells to that described above was observed (Figure 4.2.3). 

Seedlings inoculated with 0, 10^, 10^ and 10^ spores displayed border cell viability of 

60%, 51%, 36% and 18% respectively. 

To determine whether border cell formation was affected by the presence of the 

fungus, the total number of border cells recovered from the seedlings whose cells were 
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Figure 4.2.2: Germination and interaction of macroconidia of N. 

haematococca with the border cells. 

Two -day -old pea seedlings were inoculated with 10^ spores of N. 

haematococca. Four hours after inoculation, border cells were washed off by 

immersing root tips of inoculated seedlings in 1 ml of water. 10 ^1 of this 

suspension was observed under a compound microscope at 400x 

magnification (Zeiss, SV8). Macroconidia of N. hematococca (C). A live 

border cell (L). A dead border cell (D). 
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Spore Concentration 

Figure 4.2.3: Viability of the border cells formed in the presence of N. 

haematococca at 18 hrs after inoculation. 

For each spore concentration, three two day old pea seedlings whose border cells 

were removed were laid on germination paper overlaid on 1 % water agar plates. 

The seedlings were inoculated with the desired spore concentration and 

incubated at 24°C in the dark. At the end of the time period, the newly formed 

border cells were washed off from the three seedlings, for each set, by 

immersing in 1 ml. Three aliquots of 10 ^1 were counted to determine the total 

cells and the number of viable cells. Viability was determined by using the vital 

stain, fluorescein diacetate. Data represent mean values obtained firom three 

independent trials. 
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removed prior to inoculation with N. haematococca was evaluated. Border cells were 

collected from all the seedlings subjected to inoculation indicating that N. haematococca 

did not affect new cell generation (Figure 4.2.4). However, a decreased number of cells 

was collected from the seedlings inoculated with 10^ spores of N. haematococca. 

When the number of border cells recovered from seedlings inoculated with 10^ 

and 10^ spores was compared to that of non-inoculated seedlings, a slight increase in the 

number of cells recovered from the inoculated seedlings was observed. The spore 

concentration of 10^ was selected for further investigations to test whether border cell 

formation is accelerated in the presence of the fungus. Seedlings whose border cells were 

removed were inoculated with 10^ spores and the number of cells recovered at 18 hours 

after inoculation was assessed. The results of five independent trials are presented in 

Figure 4.2.5 and on average, a 18% increase in the total border cells recovered from 

inoculated seedlings were observed. However, this increase is not statistically significant 

(P value 0.11). 

Effect of the fungus on the border cells of seedlings inoculated in growth pouches 

When seedlings gro\vn in growth pouches were subjected to inoculation with N. 

haematococca, a temporally distinct, but similar rate of border cell mortality was 

obser\'ed. At 18 hours after inoculation, border cell viability of inoculated seedlings was 

similar to that of non-inoculated seedlings. However, at 30 hours after inoculation, a 

similar rate of border cell susceptibility to that seen earlier on seedlings inoculated on 
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Figure 4.2.4: Number of newly generated border cells recovered from seedlings 

whose cells were removed prior to inoculation with N. haematococca . 

For each spore concentration, three two day old pea seedlings whose border cells 

were removed were laid on germination paper overlaid on 1% water agar plates. 

The seedlings were inoculated with the desired spore concentration and incubated at 

24°C in the dark. At 18 hours after inoculation, the newly formed border cells were 

washed from the three seedlings, for each set, by immersing in 1 ml of water. Three 

aliquots of 10 |il were counted to determine the total number of newly formed cells. 

Data represent mean values obtained from three independent trials. 
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Figure 4.2.5: Total number of border cells recovered from each seedling whose 

cells were removed prior to inoculation with 10^ spores of N'. haematococca 18 hrs 

after inoculation. 

For each spore concentration, three two day old pea seedlings whose border cells 

were removed were laid on germination paper overlaid on 1% water agar plates. 

The seedlings were inoculated with the desired spore concentration and incubated 

at 24°C in the dark. At the end of the time period, the newly formed border cells 

were washed off from the three seedlings, for each set, by iimnersing in 1 ml of 

water. Three aliquots of 10 |il were counted to determine the total number of 

newly formed cells. Data represent mean values obtained from five independent 

trials. 
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water agar plates were observed (Figure 4.2.6). Seedlings inoculated with 0, 10^, 10^ and 

lO' spores displayed 50%, 45%, 32% and 17% viability, respectively. 

Effect of the CD chromosome on border cell viability 

Isolate 34-18 contains a conditionally dispensable chromosome (CD) that harbors 

genes whose products contribute toward higher pathogenicity of N. haematococca on pea 

(Wassmann, 1996). To investigate whether there is a correlation between border cell 

death and the presence of these genes of the CD chromosome, border cell viability in 

seedlings inoculated with two isolates that lack the CD chromosome, 94-2-4 and 44-100, 

were evaluated using the plate assay.When seedlings were inoculated with 10^ 

spores/radicle, with both isolates, a decrease in border cell viability was seen (Figure 

4.2.7). However, at lower spore concentrations, the effect was not very clear. Border cell 

viability remained essentially the same as the control for 10^ and 10^ spores inoculated 

treatments with 44-100 isolate. However, with 94-2-4 isolate, approximately a 10% 

decrease was observed with 10" spores inoculated treatment where as 10^ spores 

inoculated treatment exhibited a border cell viability similar to that of the non-inoculated 

seedlings. 

Pathogen specificity in the induction of border cell susceptibility 

To assess the specificity in the observed susceptibility of border cells, another 

fungal pathogen of pea, Phoma pinodella and a non-pea pathogenic isolate of 

Thielaviopsis basicola were used. When assessed using the plate assay, border cell 

viability decreased in response to inoculation with Phoma, but at high spore 
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Figure 4.2.6: Viability of border cells of seedlings inoculated with N. 

haematococca in growth pouches 30 hrs after inoculation. 

For each spore concentration, three two-day-old pea seedlings with full sets of 

border cells were inserted into growth pouches at four seedlings per pouch. 

The seedlings were inoculated with the desired spore concentration and 

incubated at 24°C in the dark. At the end of the time period, the border cells 

were washed from the four seedlings, for each set, by immersing in 1 ml of 

water. Three aliquots of 10 (il were counted to determine the total cells and the 

number of viable cells. Viability was determined by using fluorescein 

diacetate. Data represent mean values obtained from three independent trials. 
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Figure 4.2.7: (A) Viability of border cells of seedlings inoculated with N. 

haematococca 44-100 and (B) 94-2-4 isolates 18 hrs after inoculation. 

For both isolates, for each spore concentration, three two day old pea seedlings 

with full sets of border cells were laid on germination paper overlaid on 1% 

water agar plates. The seedlings were inoculated with the desired spore 

concentration of the respective Nectria isolate and incubated at 24°C in the dark. 

At the end of the time period, the border cells were washed from the three 

seedlings, for each set, by immersing in 1 ml of water. Three aliquots of 10 ^l 

were counted to determine the total cells and the number of viable cells. 

Viability was determined by using vital stain, fluorescein diacetate. Data 

represent mean values obtained from two independent trials consisting of two 

replicates for both isolates. 
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concentration (10^ spores/radicle), its effect on the border cells (28% viability) was much 

reduced when compared to that with the 34-18 isolate (7% viability) of N. haematococca 

(Figure 4.2.8). In contrast, the non-pathogen of pea, Thielaviopsis basicola did not 

induce a decrease in border ceil viability (Figure 4.2.9). Seedlings inoculated with 0, 10^, 

10^ and 10^ spores displayed 51%, 51 %, 61% and 45% of border cell viability with 

overlapping variations. 

The cause of border cell susceptibility 

During the course of the study, direct penetration of the border cells by M 

haematococca was not observed. Therefore, a study was conducted to determine whether 

there is some factor that is secreted by the fimgus (a possible toxin or similar substance) 

during its germination and growth among the border that may account for the observed 

decrease in border cell viability. This was assessed using three different assays: (I) An 

"/« v/vo" assay where seedlings were inoculated with N. haematococca and their root tip 

exudates were analyzed for the presence of toxin like substances, (2) an "/« vitro" assay 

where N. haematococca was cultured in collected pea root exudates for 24 hours and the 

resulting supernatant was assessed for the production of toxin like substances and (3) the 

culture filtrates of N. haematococca inoculated Ml00 medium was assessed for the 

presence of any substances that decrease border cell viability. 

Assaying for toxin production by an **in vivo" assay 

Since border cell death in response to the fungus occurs on cells that are present 

on the inoculated seedlings, any toxic compound that is made should be present in the 
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Figure 4.2.8: (A) Viability of border cells of seedlings inoculated with 

Phoma pinodella 18 hrs after inoculation. 

For each spore concentration, three two day old pea seedlings with full sets 

of border cells were laid on germination paper overlaid on 1% water agar 

plates. The seedlings were inoculated with the desired spore concentration of 

P. pinodella and incubated at 24°C in the dark. At the end of the time period, 

the border cells were washed off from the three seedlings, for each set, by 

immersing in Imlof water. Three aliquots of 10 |il were counted to 

determine the total cells and the number of viable cells. Viability was 

determined by using vital stain, fluorescein diacetate. Data represent mean 

values obtained from two independent trials each of which contained two 

replicates. 
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Spora Concantration 

Figure 4.2.9: (A) Viability of border cells of seedlings inoculated with 

Thielaviopsis basicola 18 hrs after inoculation 

For each spore concentration, three two day old pea seedlings with full sets 

of border cells were laid on germination paper overlaid on 1% water agar 

plates. The seedlings were inoculated with the desired spore concentration 

of T. basicola and incubated at 24°C in the dark. At the end of the time 

period, the border cells were washed off from the three seedlings, for each 

set, by immersing in 1 ml of water. Three aliquots of 10 |al were counted 

to determine the total cells and the number of viable cells. Viability was 

determined by using the vital stain, fluorescein diacetate. Data represent 

mean values obtained from three independent trials each of which 

contained two replicates. 
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root exudates that is recovered by washing the inoculated root tips with water. Seedlings 

were inoculated with 10® spores of jV. haematococca because this inoculum concentration 

is known to decrease border cell viability within 18 hours after inoculation without 

infecting the root tip tissue. Root exudates &om fungus inoculated and uninoculated 

seedlings were recovered 24 hours after inoculation and samples were assayed for toxins 

by suspending freshly harvested border cells in the collected root exudates from the 

inoculated vs. non-inoculated seedlings for 6 hours. Two of the four trials conducted 

indicated that there might be some factor that decreases border cell viability while 

another two trials indicated that there is no difference between the two different sets of 

root exudates (Figure 4.2.10). Overall, no conclusive evidence for the presence of any 

toxin like substance was detected. 

Evaluation for toxin production by an ̂ in vitro** assay 

To evaluate for possible toxin production by N. haematococca by in vitro 

culturing, root exudates with border cells (RE"^ set) and water (H20^ set) were incubated 

with N. haematococca for 24 hours in a 24 well plate. Controls were set up similarly 

with root exudates with border cells (RE* set) £ind with water (H^O* set) without the 

fungal inoculation. The effect of the fimgus-inoculated and non-inoculated culture 

filtrates on freshly harvested border cells were evaluated. Two trials using this method 

gave inconsistent data (Figure 4.2.11). The viability of the border cells in fungus non-

inoculated filtrate differed markedly between trials indicating that the border cell 
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Figure 4.2.10: Effect of root exudates on the viability of border cells. (A) Average 

viability and (B) the individual viability results. 

Fifty two-day-old pea seedlings with full sets of border cells were inoculated with 

10® spores of .V. haematococca and incubated in the dark at 24°C for 24 hours. A 

similar control set was inoculated with water instead of the spore suspension. The 

root tips of fimgus-inoculated and the non-inoculated control seedlings were 

washed into 1 ml of water to collect the substances present extracellular to the root 

tips. The resulting suspensions were filtered to remove particulate material and 

were used to test its effect on freshly harvested border cells as described in the 

materials and methods. Four independent trials of this experiment was conducted 

and the results of the average and the individual trials are shown. 
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Figure 4.2.11: Effect of the culture filtrate of N. haematococca on border cell 

viability. (A) The average and (B) values from different trials, obtained in 

determining the viability of border cells incubated in culture filtrates of Nectria 

haematococca inoculated and non inoculated root exudates and water. 

Root exudates of two-day-old seedlings with full sets of border cells were 

inoculated with or without 10® spores of N. haematococca in 24 well plates (RE~ 

and RE ) and shaken for 24 hours. A set consisting of water instead of the root 

exudates was also similarly treated. These were incubated with shaking in the 

dark at room temperature for 24 hours. The resulting culture filtrates were 

obtained and the presence of a toxin in these filtrates were evaluated by 

monitoring the viability of the freshly harvested border cells introduced to each 

of the filtrates, 24 hours after treatment. Two different trials each of which 

consisted of two replicates were conducted. 
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viability.is very resp>onsive to some unknown factor that is independent of the presence of 

the fungus. The cause of the decrease in border cell viability in isolated cells is unknown 

Evaluation for toxin production during fungal growth in culture 

If a toxic compound is responsible for the observed decline in border cell 

viability', it is possible that the fungus may secrete the same compound during its growth 

in culture. Therefore, the fungus was grown in Ml00 minimal medium, a chemically 

defined medium, and the extract from this fungal culture was tested for the presence of a 

substance that may decrease border cell viability. Within 24 hours, no significant 

difference was observed in border cells of seedlings grown in water vs. the Ml 00 control 

medium (P value 0.2, Figure 4.2.12). However, there was a significant difference in 

border cell viability between the groups of seedlings grown in the fungus inoculated 

culture filtrate (Ml00-+-) and in non-inoculated Ml00 medium (P value 0.047). No 

significant difference was seen in border cell viability of seedlings grown in Ml 00+ and 

water (P value 0.091). 

When the exposure time period was extended to 48 hours, the same trend on 

border cell viability was seen (Figure 4.2.13). Border cells of seedlings grown in culture 

filtrate exhibited higher viability than those of seedlings grown in water. While no 

significant differences between the border cell viability was observed among the three 

different treatments at this time period, there was a significant (P value 0.02 and .004) 

effect on root lengthening in seedlings grown in the culture filtrate when compared to 

those grown in Ml00 medium or water, respectively (Figure 4.2.14). No such significant 
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Figure 4.2.12: Effect of Nectria haematococca culture filtrate Ml00+, Ml00 

medium and H2O on border cell viability 24 hours after treatment. 

Ml00 minimal medium was inoculated at 10® spres/ml with N. haematococca and 

incubated shaking at room temperature for 7 days. The resulting culture was filtered 

to remove the mycelium and the 15 ml of the resulting filtrate was introduced into 

each growth pouch. Four two-day-old seedlings were inserted into each pouch and 

incubated at 24°C in the dark for 24 hours. Controls were set up similarly except for 

using MI 00 medium and water instead of the culture filtrate. 24 hours after 

treatment, the border cells of all four seedlings were washed off into 1 ml of water 

and counted to ascertain the viability of the cells. Viability was determined using 

fluorescein diacetate . Three independent trials each of which contained two 

replicates were conducted. 
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Figure 4.2.13: Effect of Nectria haematococca culture filtrate M100+, MlOO 

medium and H2O on border cell viability 48 hours after treatment. 

MlOO minimal medium was inoculated at 10^ spres/ml with N. haematococca 

and incubated shaking at room temperature for 7 days. The resulting culture was 

filtered to remove the mycelium and the 15 ml of the resulting filtrate was 

introduced into each growth pouch. Four two-day-old seedlings were inserted 

into each pouch and incubated at 24°C in the dark for 24 hours. Controls were 

set up similarly except for using MlOO medium and water instead of the culture 

filtrate. Twenty four hours after treatment, the border cells of all four seedlings 

were washed off into 1 ml of water and counted to ascertain the viability of the 

cells. Viability was determined using fluorescein diacetate . Three independent 

trials each of which contained two replicates were conducted. 
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Figure 4.2.14: Effect of Nectria haematococca culture filtrate, M100+, MlOO 

medium and H2O on root length 48 hours after treatment. 

MlOO minimal medium was inoculated at 10® spres/ml with N. haematococca 

and incubated shaking at room temperature for 7 days. The resulting culture was 

filtered to remove the mycelium and the 15 ml of the resulting filtrate was 

introduced into each growth pouch. Four two-day-old seedlings were inserted 

into each pouch and incubated at 24°C in the dark for 24 hours. Controls were 

set up similarly except for using MlOO medium and water instead of the culture 

filtrate. Twenty four hours after treatment, root length of the four seedlings were 

measured. Three independent trials each of which contained two replicates were 

conducted. 
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difference in root lengthening was seen between seedlings grown in Ml00 medium and 

water (P = 0.14). 

Discussion 

Mantle formation by N. haematococca on root tips of pea is a novel observation. As 

demonstrated in Chapter Two, surprisingly, a majority of root tips with mantles have 

been observed to be infection free. Therefore, it was suggested that the interaction with 

the fungus and the border cells, thus mantle formation, might act as a "decoy" to 

germinate and tie pathogenic fimgal propagules which then, can be disassociated from the 

root tip area during separation of the border cells. Such a process is proposed to allow the 

root tip to remain infection free and continue to grow out of the fimgal infested areas by 

deviating pathogenic fungi from the root tip. In this section, we evaluated border cell 

responses to inoculation with the fungus and viability of these cells during the early 

periods leading to mantle formation. 

No significant changes in border cells such as induction of defense structures in 

response to N. haematococca were observed. However, when assaying for viability of 

border cells in fungus inoculated seedlings, a f\mgal spore concentration dependent 

decrease in their viability was observed. Such results, at varying degrees, were obtained 

with fimgi including high and low virulent isolates of N. haematococca and Phoma 

pinodella, another fungal pathogen of pea. However, a non-pea pathogenic isolate of 

Thielaviopsis basicola, did not cause a decrease in border cell viability within the assayed 
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time period. The lack of detrimental impact of this flmgus on border cell viability is not 

due to non-germination of its propagules because germinated endoconidia of this fungus 

could be observed among the border cells in the root tip region 18 hours after inoculation. 

These results indicated that the decrease in border cell viability occurs in a host-pathogen 

specific maimer. 

Even though the removal of the fungal propagules from the root tip region by the 

normal process of border cell separation has been shown to be effective at keeping the 

root tip sterile, a threshold may exist for the efficient removal of fungal infested border 

cells from this region (Chapter 2). This was suggested by the decrease in total number of 

border cells recovered from the seedlings inoculated with lO' spores. In this instance, 

rapid border cell death followed by efficient colonization may have allowed the fxmgus to 

tightly hold a large portion of the cells such that they did not separate efficiently upon 

immersion in water. As presented in Chapter Two, on average, a higher rate of root tip 

infection development was observed in seedlings inoculated with 10^ spores (Chapter 2). 

In contrast, at lower spore numbers, the fungal threat is reduced, thus more efficient 

separation of cells may occur which correlates with the development of a low rate of root 

tip infections. 

Such efficient separation of border cells in the presence of free water may have 

played a part in delaying the rate of border cell death in the seedlings grown in growth 

pouches. The saturation of the germination paper with water in growth pouches could 

have facilitated border cell separation and thus the fungal propagules, such that the 
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inoculum potential was reduced when compared to those seedlings inoculated on water 

agar plates. The lowered virulence level resulting from reduced inoculum concentration 

could have led to an increase in the time period required to cause significant amount of 

border cell death. 

The age of the cells did not play a role in the susceptibility of the border cells. 

The new border cells made by root tips whose existing cells were removed prior to 

inoculation with the fungus also exhibited cell death within 18 hours. The fact that 

similar or even slightly higher total number of cells recovered from these Nectria 

inoculated seedlings confirmed that the root cap meristem was not compromised, at least 

for the time period of 18 hours, by fungal inoculation. 

The fact that border cells were susceptible, but to a lesser extent, in response to 

inoculation of seedlings with iV. haematococca isolates without the CD chromosome 

indicate that the colonization of border cells also correlates with defined pathogenicity 

patterns of these isolates. Those without a CD chromosome are considered to be low or 

non-virulent isolates with respect to causing foot rot symptoms in pea (Wassman and 

VanEtten, 1996). Therefore, the lowered rate of border cell death caused by these fungi 

indicates that colonization of border cells and the eventual formation of the mantle may 

be representative of the pathogenic process of these fimgi. The lesser degree of border 

cell susceptibility to P. pinodella than to N. haematococca (isolate 34-18) may also be 

due to different degrees of pathogenicity exhibited by these two organisms. This could 
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explain the fact that mantles made by P. pinodella three days after inoculation, were not 

as extensive as those made by N. haematococca (Chapter 2). 

Efforts to determine the cause of border cell susceptibility were not successful. 

To date, we have not observed active penetration of living border cells by N. 

haematococca. However, many infected dead cells have been observed and infection 

could have occurred following border cell death. Many different attempts utilizing 

different assay systems were made to evaluate for the presence of a toxin like substance 

that could account for the observed cell death. However, no clear evidence for the 

presence of such a substance was elucidated. 

The main problem in this determination was that once isolated, border cell 

viability decreased drastically. This was contrary to earlier investigations that reported 

long viability periods for border cells (Hawes and Pueppke, 1986). The possibility that 

border cells may be undergoing a process similar to programmed cells death have been 

reported with studies in onion roots (Wang et al., 1996). If such a process is also active 

in pea, it is possible that it may be increased once these cells are separated from the root 

tip possibly due to the removal of a signal from the root tip. However, there is no 

evidence for the existence of such a process in pea, and as reported by Hawes and 

Pueppke (1986), the fact that these cells can survive in water for as long as 10 days or 

indefinitely in hydroponics or culture, argues against such a process (Knudson, 1919). 

The accelerated death of cells when isolated from the root tip does not seem to be due to 
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lack of nutrition because the border cell viability was not considerably increased by 

incubation in different concentrations of root exudates (unpublished results). 

The fact that border cell survival actually increased when seedlings were under 

the influence of N. haematococca grown culture filtrates when compared to non-

inoculated medium was indeed quite interesting. This seems to indicate that the culture 

filtrates may contain some factor that actually promotes cell viability. An alternative 

explanation to this longevity is suggested by the results of Hawes and Wheeler (1982) 

who determined that border cells did not succumb when incubated with HC toxin which 

is known to interfere with histone deacetylase required for gene expression in plants 

(Taunton et al, 1996). Therefore, it is possible that the death of these cells may require 

gene function, and once disturbed, the cells no longer undergo death. However, it should 

be noted that the above mentioned studies were carried out in com border cells and it is 

not certain that this is applicable to that of pea. 

An alternative explanation for the observed increased border cell viability in N. 

haematococca inoculated culture filtrate may stem from differences in nutrient 

availability or buffering capacity of the Ml 00 and Ml 00+ suspensions. Growth of N. 

haematococca is bound to change the properties of the medium due to both nutrient usage 

and secretion of substances to the growth medium. Therefore, more detailed 

investigations using more concentrated culture filtrates or fractionated filtrate may be 

useful to evaluate the cause of the observed increase in border cell viability. 
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The observed effect of N. haematococca culture filtrates on root lengthening was 

very interesting. Such reports of culture filtrates of a variety of fungi on germination of 

seeds and root lengthening have been previously reported (Shimada and Otani, 1990; 

Singh and Gupta, 1984; Vijayan and Rehill, 1990). All such investigations report 

reduction of germination rates and shoot-root growth by culture filtrates of variety of 

fungi and attribute such effects to production of toxic substances by these fungi (Nelson, 

1993; Sharma and Kim; 1991). However, not many substances that invoice such effects 

have been characterized in detail. 

Overall, it appears that in the initial stages of border cell pathogen interactions, 

pea pathogens are capable of causing the death of border cells that occupy the region 

around the root tips of pea. The cause of border cell susceptibility is yet to be revealed 

but does not appear to be due to any toxic substances that are released by N. 

haematococca during its growth among the border cells. However, the decrease in border 

cell viability appears to allow the pathogen to colonize the border cells and initiate the 

formation of the mantles around the root tip. However, during the normal process of 

border cell separation in the presence of water or by abrasion encountered in soil, these 

colonized cells may be shed to the environment allowing the root tip to remain free of 

infection and grow out of the fimgal infested areas. 
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5. SUMMARY 

The data presented in this dissertation supports the hypothesis that root border 

cells play a role in protecting the root tip from flingal infection. When whole roots of pea 

were uniformly inoculated with spores of Nectria haematococca, infection occurred in 

the upper region (zone of elongation at the time of inoculation) in >90% of the roots. In 

contrast, root tip infections occurred in approximately 20% of these seedlings. Changing 

the infection conditions such as temperature or the inoculum concentration in favor of the 

fungus, on average, resulted in increased root tip infections. Evaluations of the root tips 

of the N, haematococca-mocvXBX&d seedlings indicated that even in the absence of lesion 

formation, most tips were ensheathed by a "mantle" of fungal hyphae. In tips with no 

lesions, fimgal colonization was shown, mostly, to be confined to the border cells while 

the root tips remained sterile. 

Characterization of events leading to fimgal colonization of border cells indicated 

the following; (1) macroconidia oiN. haematococca germinate within 2-3 hours upon 

inoculation in response to a highly polar substance present within the root exudates, (2) 

during the growth of the germinated spores among the border cells, cell viability 

decreases in pathogen specific marmer. These events are correlated with the growth of 

the pathogen within the border cell population, forming a cohesive structure. 

Physiological manipulations such as retarding border ceil separation, and removing 

border cells prior to inoculation with N. haematococca, led to an increased rate of root tip 

infection development. Using a marker gene, an active induction of border cell 
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separation in response to N. haematococca was observed in those tip tissue undergoing 

infection. Furthermore, a substance present within the root exudates of N. haematococca 

inoculated seedlings was shown to exert growth inhibition of N. haematococca but not 

Mycosphaerella pinoides, in vitro. 

The data support the model that the synergistic action of root border cell 

separation and an growth inhibitory substance present within the root exudates plays a 

role in protection of the root tip from fungal infection. The proposed model as to how 

border cell separation bestows this protection to the root tip is indicated in Figure 5.1. 

When pathogen propagules encounter the root tip, their germination and colonization of 

the border cells facilitates association of pathogen propagules with the border cells. At 

this point two events can occur. I. The propagules bound to the border cells are shed 

from the root tip area by the process of border cell separation. II. The pathogen continues 

border cell colonization and forms the mantle ensheathing the root tip. Once the mantle 

is formed, the entire mantles can separate from the root tip, again, leaving the tip free of 

infection. If it persists, their growth is affected by the inhibitory compound/s contained 

within the root exudates, thus delaying root tip infection. Alternatively, the pathogen can 

grow through the border cell layer and infect the root tip. 

If root tip infection occurs, another layer of protection bestowed by an active 

induction of border cell separation can lead to the shedding of the infective propagules 

such that the root tip once again, escapes infection (A). However, if the pathogen 

persists, root tips will be infected and further root growth will be terminated (B). 
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Therefore, the efficient functioning of this system is dependent on the balance 

between border cell separation and the rate of pathogen growth. If the pathogen is 

favored, a majority of the root tips will develop infections. In contrast, if the rate of 

pathogen growth is at a level such that the rate of border cell separation is effective at 

limiting pathogen entry to the tip tissue, a majority of the root tips will escape infection 

by the pathogen. In the future, this model can be definitively tested when mutants with 

altered border cell separation properties are available. Until that time, a complex system 

with overlying levels of control involving border cell separation and protection of the root 

tip is demonstrated by the work described in this dissertation. 
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Figure 5.1: Model depicting the role of border cells in the 

protection of the root tip from fimgal infection. 
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APPENDIX A. EVALUATION OF THE CONSEQUENCES OF ROOT TIP DEFENSE 

ELICITATION ON ROOT GROWTH. 

Introduction 

Expression of defense mechanisms seems to be a costly process, which may 

explain why plants have evolved mechanisms that can be activated only under conditions 

of need. Such a notion is supported by different studies that report changes in the 

expression of genes that are involved in normal cell metabolism and function in response 

to induction of defense genes. In potato, infection of leaves by a pathogen or by 

treatment with an elicitor molecule resulted in a decrease in the small subunit mRNA and 

protein levels of ribulose 1,5-bisphosphate carboxylase gene (Kombrink and Hahlbrock, 

1990). Additionally, using suspension cultured parsley cells that are treated with an 

elicitor molecule, it has been shown that increases in the mRNA levels of PAL gene 

corresponds with a decrease in the mRNA levels of genes involved in cell proliferation 

and cell cycle regulation (Logemann et al., 1995). Similar responses by plant tissues 

have been reported against a variety of other stress conditions such as heat shock and 

photooxidation (Vierling and Key, 1985; Oelmuller et al, 1986). It is proposed that the 

activation of defense genes may lead to the down regulation of all disposable cellular 

activities to mobilize available resources of the plant tissue to combat challenges by 

pathogens (Sommssich and Hahlbrock, 1998). 

No previous study has focused entirely on the root tip to investigate the 

consequences of defense induction on the normal fimctioning of this tissue. As described 
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earlier, the root tip houses the root apical meristem and the root cap, both of which serve 

important functions in the root system by giving rise to new cells for root growth and 

directing root growth by perceiving gravity and environmental signals (Juniper et al, 

1996; Sievers and Braun, 1996). If, as proposed, defense elicitation in plant tissues 

results in interfering with their normal fimctioning, such a process in root tip tissue could 

lead to drastic consequences for two main reasons. (1) The apical meristem is contained 

within a few cell layers and thus carmot sacrifice very many cells to a hypersensitive 

reaction, which is often a consequence of defense induction, and still be able to resume 

normal fimctioning at a later time (Clowes, 1976). (2) The region of tissue around the 

apical meristem is comprised of newly generated immature tissue, which is also 

susceptible to infection. The ability of this tissue to defend itself successfully is not well 

characterized. 

As indicated by the data presented in Chapter Two, border cell separation appears 

to play an important role in protecting the root tip fi-om being infected by pathogenic 

fungi. Therefore, it is hypothesized that border cells may constitute a mechanism by 

which the root tip is protected from being exposed to pathogens. Such a mechanism 

circumvents the need to induce defense genes in this region thereby avoiding any 

negative outcome of defense induction in the root tips. Therefore, in this chapter, 

consequences of defense gene induction on the overall functioning of the root tip tissue 

were evaluated. For this, the expression levels of the genes involved in cell cycle 
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regulation were monitored during the defense gene elicitation in the root tips in response 

to pathogens and the abiotic elicitor, salicylic acid. 

Materials and Methods 

Fungal culture maintenance and inoculations 

Nectria haematococca isolate, 34-18 (Funnell et al. Manuscript in preparation) 

were maintained on V8 medium (Medium 29, Stephans, 1974). The cultures used were at 

least a week old and the spores were recovered by gentle scraping of the surface with a 

sterile curved glass rod with 3-4 ml of water. The spores were enumerated using a 

haemocytometer and the concentrations were adjusted to the desired values by dilution 

with water. 

Inoculations and preparation of RNA 

Radicles of two-day-old seedlings with full sets of border cells were inserted in to 

growth pouches and were uniformly inoculated with the desired spore concentration of N. 

haematococca . At specific time periods after inoculation, the root tips of inoculated 

seedlings were cut, immediately frozen and stored at -80°C. Isolation of total RNA was 

carried out using the Trizol method (Gibco BRL, cat # 15596-026) with slight 

modification by including an overnight LiCl precipitation to remove contaminating DNA 

from the RNA samples (Sambrooke et al, 1989). 

Treatment with Salicylic acid 
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Salicylic acid (SA), the sodium salt (Sigma), was used for the treatment of the 

seedlings. Solutions with the desired concentrations of SA were made by dilution of a 

stock solution of 100 mM and 15 ml of each of the solutions were applied to the growth 

pouches in which seedlings were inserted. At appropriate times after exposure (24,48, 

72 and 96 hrs), the root tips and the upper parts of the exposed seedlings were cut 

separately, immediately frozen and were stored at -80°C. 

For the analysis of defense gene induction at early time points after treatment with 

SA, water agar plates were prepared with SA incorporated at 1 mM, 5 mM and 10 mM. 

Two-day-old seedlings with fiill sets of border cells were placed on this media, which 

were overlaid with germination paper. At specific times after beginning of the treatments 

(3, 6, 8, 12 and 24 hrs), root tips (terminal 1-2 mm) were cut and immediately frozen in 

liquid nitrogen. The tissues were stored at -80°C until extraction of the total RNA using 

the Trizol method (see above). 

RNA gel blot analysis 

Quantification of total RNA and Northem analysis were done essentially as 

described by Sambrooke et al. (1989) using Magnacharge (MSI) membrane. Appropriate 

probes (listed below) were labeled with by the random primer method (Feinberg and 

Vogelstein, 1983) using the Prime It II kit from Stratagene (Cat. # 300385). 

Hybridization was carried out at 42°C for heterologous probes and at 50°C for 

homologous probes using the Ultra Hyb hybridization buffer obtained from Ambion (Cat. 

# 8670). 
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Density quantification of the signals obtained from the Northern analysis was 

done using the NIH image software program. Relative level means the ratio of the 

density values obtained for the signal of interest and that of the actin signal for the same 

evaluated RNA. 

Probes used in this study 

HMMl: 1.3 kb cDNA clone of pea hydroxymaackiain 3-0- methyltransferase gene (Wu 

et al, 1997). 

Chitinase: 1.1 kb fragment of the genomic clone of the chitinase gene from pea; obtained 

from Dr. Lee Hadwiger at Washington State University, Pullman, WA (Chang et al, 

1995). 

Cyclin : 1.5 kb cDNA of cyclin gene of parsley (Logemann, 1995). 

CDKl: 1.16 kb cDNA of cyclin dependent kinase of pea; obtained from H.H. Woo, 

Dept. of molecular, cell and developmental biology, UCLA, CA. 

H4 : 550 bp cDNA of histone 4 of parsley (Logemann, 1995). 

H3: 600 bp cDNA of histone 3 of parsley (Logemaim, 1995). 

Actin: 600 bp cDNA fragment of actin gene; obtained from Huazhong Shi, Department of 

plant sciences. University of Arizona. 

Results 

Evaluation of the consequences of defense gene induction in the root tip on the 

expression of cell cycle control genes 
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Earlier reports indicate that during defense gene expression in fungal elicitor 

treated suspension culture parsley cells, expression of genes involved in cell proliferation 

and ceil cycle control were down regulated (Logemarm et al, 1995). If so, it was of 

interest to evaluate for such an association (a negative correlation between defense gene 

induction and expression of cell cycle genes) in fungus inoculated root tip tissue because 

this region of the root tip accommodates the apical and root cap meristems of the root, 

which is comprised of cells undergoing cell division. 

Total RNA isolated from root tips that had visible lesions at the tip and those that 

were inoculated with the fungus but had no visible lesions were probed with fragments of 

cDNA of three different cell cycle related genes (histone 3, 4, and cyclin) from parsley 

and a cyclin dependent kinase gene from pea. Data presented in Chapter Two indicate 

that these genes are expressed only in those tips with visible lesions at the root tip. No 

general reductions in the expression of these cell cycle related genes were detected in 

either kinds of fungus inoculated root tip tissue (Figures A.l «fe A.2). However, in the set 

comprised of those with lesions at the root tip, at 72 hrs after inoculation, 36% and 19% 

decreases in the expression of the H4 and cyclin genes, respectively, were observed. 

Also, when compared to the expression level of these genes at 72 hr non-inoculated roots, 

64% and 57% decrease in their expression, respectively, were obser\'ed 60hrs after 

inoculation (Figure A.IC). Due to large differences observed in the expression of these 

genes between the 0 hr and 72 hr control seedlings, it is difficult to assess the significance 
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Figure A. 1: (A) RNA gel blot analysis and (B, C) density quantification of the 

expression of a variety of cell cycle control genes in root tips of Nectria 

haematococca inoculated seedlings that contained lesions at the root tip. 

Tvvo-day-old seedlings were inoculated with 10® spores of N. haematococca in 

growth pouches. At specific times after inoculation, the root tip tissue were 

isolated in two groups ; tips with lesions and tips with no visible lesions. Total 

RNA was extracted fi-om these two groups and 15 (ig of mRNA was loaded 

for each time period in a denaturing gel. The blot was probed with ^-P labeled 

cDNA fragments of each of the indicated genes. The filter was stripped and 

rehybridized with Arabidopsis thaliana actin gene to ensure equal loading and 

transfer of RNA. Density measures shown are relative to the expression of the 

actin gene in the same RNA samples. 
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Figure A.2: (A) RNA gel blot analysis and (B) density quantification of the 

expression of a variety of cell cycle control genes in root tips of Nectria 

haematococca inoculated seedlings that did not contain lesions at the root tip. 

Two-day-old seedlings were inoculated with 10® spores of N. haematococca in 

growth pouches. At specific times after inoculation, the root tip tissue were 

separated in to two groups ; tips with lesions and tips with no visible lesions. 

Total RNA was extracted from these two groups and 15 |ig of mRNA was loaded 

for each time period in a denaturing gel. The blot was probed with "P labeled 

cDNA fragments of each of the indicated genes. The filter was stripped and 

rehybridized with Arabidopsis thaliana actin gene to ensure equal loading and 

transfer of RNA. Density measures shown are relative to the expression of the 

actin gene in the same RNA samples. 
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of this reduction (60 hr) without a reference for the expression level of these genes in 

uninoculated root tips. 

Induction of defense genes in root tips with salicylic acid (SA) and its consequences 

One of the limitations in assessing the impact of defense gene induction on cell 

cycle gene expression using fimgus-inoculated tissue is the complications that may result 

from cell damage caused by infection with N. haemeaococca. Therefore, since treatment 

with SA is known to induce defense genes in plants, SA treatment was used as an 

alternative mode of inducing defense in plant roots. Such induction was to be useful to 

induce a uniform stimulation of defense genes in all the root tips to better detect any 

effects of defense gene induction on the expression of the cell cycle control genes. 

A concentration dependent decrease in root growth was observed in seedlings 

treated with SA (Figure A.3). This was consistent with the hypothesis that the induction 

of defense genes in the roots may affect growth by impacting the expression of the cell 

cycle genes. However, when SA treated radicles were assessed for the expression of 

defense genes at 24 hour periods subsequent to the exposure of the seedlings to SA, no 

induction (as assessed by the expression of the chitinase gene) was detected in root tips of 

seedlings treated with 5 mM or 10 mM SA (Figure A.4). In contrast, this gene was 

induced in the upper parts of similarly treated roots (Figure A.5). Surprisingly, when 

earlier time points were evaluated, an induction of the chitinase gene in the root tips were 

observed at 3 and 6 hours after treatment of the seedlings with 5 mM and 10 mM SA 

(Figxire A.6). However, 
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Figure A.3: Dosage dependent inhibition of growth in pea seedlings treated with 

salicylic acid (SA). 

Two-day-old seedlings of pea were inserted into growth pouches that contained 

different concentrations of SA. The pouches were lightly covered in saran wrap and 

incubated at 24°C in the dark. New root growth was assessed in 24 hours intervals 

after treatment. The data represent mean values from four different trials. The 

difference in root growth for every day except that of the first is statistically significant 

for the seedlings treated with 5 mM SA or higher when compared with that of the non 

SA treated seedlings (0 mM). 
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Figure A.4: (A & B) RNA gel blot hybridization analysis and (C) density 

quantification of the induction of the chitinase gene in the root tips of seedlings 

treated with 5 mM and 10 mM SA, respectively. 

Two day old seedlings were inserted into growth pouches containing 15ml of 5 

mM and 10 mM SA. Control (Con) seedlings were inserted into growth pouches 

containing water. At specific times after treatment, the root tip tissue were isolated 

and the total RNA was extracted. 15 jig of RNA was loaded for each time period 

and fractionated in a 1.2% denaturing gel. The blot was probed with the 

labeled chitinase gene. The filter was stripped and rehybridized with Arabidopsis 

thaliana actin gene to ensure equal loading and transfer of RNA. Density 

measures shown are relative to the expression of the actin gene in the same RNA 

samples. 
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Figure A.5: (A & B) RNA gel blot hybridization analysis and (C) density 

quantification of the induction of the chitinase gene in the upper regions of the roots 

of seedlings treated with 5 mM and 10 mM salicylic acid, respectively. 

Two day old seedlings were inserted into growth pouches containing 15 ml of 5 mM 

and 10 mM SA. Control (con) seedlings were inserted into growth pouches 

containing water. At specific times after treatment (hours), the upper regions of the 

roots were isolated and total RNA was extracted. 15 ng of total RNA was loaded for 

each time period and fi:actionated in a 1.2% denaturing gel. The blot was probed 

with the ^-P labeled chitinase gene . The filter was stripped and rehybridized with 

Arabidopsis thaliana actin gene to ensure equal loading and transfer of RNA. 

Density measures shown are relative to the expression of the actin gene in the same 

RNA samples. 
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Figure A.6: (A & B) RNA gel blot hybridization anailysis and (C & D) density 

quantification of the induction of the chitinase gene in the root tips of seedlings 

treated with 5 mM and 10 mM SA respectively. 

Two day old seedlings were inserted into growth pouches containing 15 ml of 5 

mM and 10 mM SA. Control (C) seedlings were inserted in growth pouches 

containing water. At specific times (hours) after treatment, the root tip tissue were 

isolated and the total RNA was extracted. 15 |xg of RNA was loaded for each time 

period and fractionated in a 1.2% denaturing gel. The blot was probed with the 

labeled chitinase gene. The filter was stripped and rehybridized with Arabidopsis 

thaliana actin gene to ensure equal loading and transfer of RNA. Density 

measures shown are relative to the expression of the actin gene in the same RNA 

samples. 
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by 12 hours, the levels of these genes had down regulated essentially to that of the non-

treated seedlings. 

The evaluation of the pattern of expression of the cell cycle genes at the early time 

points of S A treated seedlings indicated that, contrary to expectations, there was no clear 

impact of the defense gene induction (as reflected by the marker gene, chitinase) on the 

expression of most of the cell cycle genes (Figure A.7). However, a clear decrease 

(approximately 50%, when compared to untreated control seedlings) in the expression of 

the cyclin gene coinciding with the induction of the chitinase gene was seen (Figure A.8). 

Discussion 

The root tip of higher plants is composed of newly generated immature cells and 

as such is especially vulnerable to attack by root pathogens. In Chapter Two, the role of 

border cells in protecting the root tip from pathogen attack was explored and mantle 

formation around the root tip resulting from border cell colonization by N. haematococca 

was discovered. However, despite the infection of the border cells, the root tip tissue 

remained free of infection but removal of border cells and the retardation of their 

separation led to increased tip infection development. The data were consistent with the 

hypothesis that the root tip is protected by the ability of the border cells to separate from 

its periphery. 

So far, the data obtained indicate that the separation of border cells delays root tip 

infection and that upon infection defense genes as well as promotion of border cell 
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Figure A.7: RNA gel blot hybridization analysis showing the induction of the 

chitinase gene in the root tips of (A) 5 mM and (B) 10 mM SA treated seedlings. 

Two day old seedlings were inserted into growth pouches containing 15 ml of 5 

mM and 10 mM SA. Control (C) seedlings were inserted into growth pouches 

containing water. At specific times (hours) after treatment, the root tip tissue 

were isolated and the total RNA was extracted. 15 )ig of RNA was loaded for 

each time period and fractionated in a 1.2% denaturing gel. The blot was probed 

with the labeled chitinase gene. The filter was stripped and rehybridized with 

Arabidopsis thaliana actin gene to ensure equal loading and transfer of RNA. 
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Figure A.8: (A & B) RNA gel blot hybridization analysis and (C & D) density 

quantification of the expression pattern of cyciin gene in the root tips of seedlings 

treated with 5 mM and 10 mM of SA, respectively. 

Two day old seedlings were inserted into growth pouches containing 15 ml of 5 

mM and 10 mM SA. At specific times after treatment, the root tip tissue were 

isolated and the total RNA was extracted. 15 ^ig of RNA was loaded for each time 

period and fractionated in a 1.2% denaturing gel. The blot was probed with the "P 

labeled cyciin gene. The filter was stripped and rehybridized with Arabidopsis 

thaliana actin gene to ensure equal loading and transfer of RNA. Density 

measures shown are relative to the expression of the actin gene in the same RNA 

samples. 
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separation is induced in the tips. If root tips are capable of eliciting defenses similar to 

the rest of the root, the reasons for the development of a system such as border cell 

separation that acts to delay tip infections is worthy of investigation. The evaluation of 

the consequences of defense elicitation in the root tips was prompted by the earlier 

reports of a negative correlation that exists between the induction of defense genes and 

the levels of the cell cycle control genes in parseley (Logemaim et al, 1995). The 

existence of a similar effect in the root tip was suggested by the observance of a strong 

correlation (>80%) between lesion formation at the root tip and cessation of further root 

growth. However, the data obtained from different experiments indicate that no 

immediate overall correlation exists between the elicitation of defense genes and 

cessation of root growth or overall expression of cell cycle related genes. 

Evidence in this regard was obtained during evaluation of the effect of defense 

gene activation on the expression of genes involved in the cell cycle. Preliminary results 

obtained using root tips with and without lesions and those, which were SA treated, did 

not demonstrate a clear coordination of high expression of defense gene activation and 

down regulation of cell cycle gene expression. However, some impact of pathogen 

infection on the expression of the cell cycle genes is suggested by the data obtained. In 

the root tips that developed lesions, a slight reduction in the expression of two of the 

genes, H4 and cyclin, was observed. Such a decrease was not seen in the root tips that 

did not contain lesions. Additionally, in root tips of SA treated seedlings, a reduction in 

cyclin gene expression coincided with the induction of the chitinase defense gene. So far. 
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it is unknown why these genes may differ in their expression patterns relative to the other 

genes evaluated. 

Many different explanations can be proposed for the lack of a clear correlation 

between defense gene induction and any down regulation of the expression of the cell 

cycle genes. First, the spatial distribution of the cells expressing defense and cell cycle 

genes may play an important role. In the pea root tip, the cells of the apical meristem that 

undergo cell division (thus thought to highly express these cell cycle related genes) are 

located deep inside the root tip surrounded by the root cap cells. Evaluation of the 

expression pattern of one of the core histone genes, H2A reveal that they are not 

expressed in the root cap cells surrounding the apical meristem (Koning et al, 1991). No 

data exist as to the spatial distribution of the expression of the cell cycle related genes that 

were used in this study. However, if the expression of the defense genes in a majority of 

the root tips were localized to the outer cap cells, that may not significantly Jiffect the 

regulation of the cell cycle genes, which may be only expressed in the cells deep within 

the root tip. In situ hybridization analyses may be much more conducive to evaluate such 

differences because it will enable the localization of both cell cycle and defense gene 

expression while depicting any changes in the expression of the genes involved in the cell 

cycle. Also, it will enable single root tip evaluations thus eradicating the complications 

arising from pooling root tips at different stages of infection. 

Second, the presence of two different meristems that are known to be regulated 

differentially in the root tips can be complicating. If during fungal infection, the root cap 
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meristem is activated to encourage border cell separation, the down regulation of the 

apical meristem activity to accommodate gene induction to combat flmgal threat, may not 

be clear cut. However, again, since the preliminar>' data indicate that the differences that 

may be occurring are not that drastic, use of in situ hybridization analysis for further 

exploration may be fhiitful. 

Third, an alternative explanation for these results could be that the effect of root 

growth due to tip infection is not exerted by affecting the apical meristem but by 

influencing the elongation of cells. Cell elongation is known to significantly affect root 

growth (Pilet, 1996; Garland and Wilkins, 1981; Sieghardt, 1981). With respect to root 

growth and gravisensing, signal transduction from the root cap to the root elongation 

zone has been previously demonstrated (Pilet, 1996; Hasenstein and Evans, 1988; Young 

et al, 1990). Therefore, it is possible that the infection and defense gene elicitation in the 

cap cells may cause changes in normal signaling between the root cap and the cells of the 

zone of elongation thus negatively impacting root growth. 

It should be noted that the lack of a large difference in the expression of the cell 

cycle genes does not verify that fungal infection or defense gene induction in the root tips 

does not have a negative impact on root growth or cell cycle regulation. During the 

course of the work done for this dissertation, infection as well as treatment with SA have 

been shown to have a negative impact on root growth indicating that defense elicitation 

may play some role in this process. The core histone genes used here are known to be 

regulated by the transcriptional, posttranscriptional, translational and post translational 
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control mechanisms (Schumperli, 1986; Heintz, 1991; Osley, 1991). Therefore, the 

e.xpression of defense in the root tip area may affect cell division even without observable 

changes in the mRNA levels of the cell cycle related genes. 

Studies with salicylic acid treated seedlings were focused on obtaining a uniform 

and strong induction of defense genes in pea root tips to facilitate the evaluation of 

consequences of defense elicitation in the root tips. When assessed for an effect of SA 

treatment on root lengthening, an inverse correlation was observed. This was consistent 

with the hypothesis that the expression of defense genes in the root tip area lead to a 

down regulation of new cell generation, because SA is widely known to elicit defense 

gene activation. However, the observed rapid down regulation of the expression of the 

defense gene, chitinase, in the root tips was most surprising and challenged this 

hypothesis. Such an occurrence is unique to the root tip is suggested by the fact that the 

induced expression levels of the chitinase gene was maintained up to 3-4 days in the 

upper region of the roots. 

The clear effect of SA treatment (with 5 mM and 10 mM) on root lengthening but 

without clear correlation with sustained defense gene induction suggest that defense gene 

induction may not be the ultimate signal that immediately impacts root growth. It is 

possible that the initial induction of defenses in the root tips, within 3-6 hours after 

treatment, may be adequate to trigger a response that leads to the reduction of rate of root 

elongation. This is supported by the observation of the defense gene induction in the root 

tips of seedlings treated with 5 mM and 10 mM SA. 
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Experiments indicate that pathogen attack of the root tip region results in 

impairing of the normal rate of root growth (Chapter Two). However, the mechanism by 

which infection of the root tip may affect root growth is not clear. Testing the hypothesis 

that down regulation of the cell cycle genes resulting from the induction of the defense 

genes in this region results in the impairment of root growth, indicate that even though 

some genes act in accordance to this hypothesis, there is no conclusive data to support 

such a proposal. More detailed investigations focused on evaluating spatial and temporal 

relationships in the expression of these genes may provide a clearer notion as to the 

relationship between defense elicitation and root growth. 
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