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ABSTRACT 

Plant exudates have been implicated as a driving force for rhizosphere interactions, the 

molecular mechanisms of root exudation and release of plant signal molecules remain 

unknown. Molecular dissection of the process of root exudation may eventually lead to 

the genetic engineering of plants to manage rhizosphere interactions. In this study, the 

release of microbial gene inducers was examined by manipulating border cell separation. 

Specifically, the hypothesis to be tested is whether border cell separation contributes to 

the release of nodulation {nod) gene inducers. The model system was pea and Rhizobium 

leguminosarum bv viciae. The experimental approach was to identify gene that play a 

role in border cell separation, which can be used as a tool to manipulate the process 

experimentally. Molecular cloning and genetic manipulation by antisense mutagenesis of 

rcpmel was carried out to test whether expression of rcpmel in root tips of pea is 

required for border cell separation. The cDNA and genomic copy of rcpmel were cloned 

and characterized. The rcpmel promoter was isolated and analyzed by expression of a 

GUS reporter genes fused to the promoter. Using Agrobacterium rhizogenes-mt̂ dA&d 

transgenic hairy roots, the effect of PME on border cell separation was examined by 

expressing antisense rcpmel mRNA driven by its own promoter. Transgenic hairy roots 

of pea expressing antisense rcpmel mRNA showed various phenotypes including 

incomplete separation of root border cells, decreased border ceil number, abnormal root 

tip morphology, and stunted hairy root development. 
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To test the hypothesis that the process of border cell separation plays a role in root-

microbe interactions, pea and its symbiotic partner Rhizobium leguminosarum bv viciae 

were used. Results from this study indicated that transgenic hairy roots with reduced 

border cell separation resulted in reduced nod gene induction, while physiological 

treatments that increase border cell separation activity resulted in enhanced nod gene 

induction. Increased nod gene induction was correlated with increased nodulation on pea 

roots. These results are consistent with the hypothesis that the process of border cell 

separation from root tips of pea is important in border cell separation and consequent 

release of root exudate-derived nod inducers. 
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1. INTRODUCTION 

UNDERSTANDING PLANT-MICROBE INTERACTIONS IS THE KEY TO 

DEVELOPING EFFICIENT METHODS FOR RHIZOSPHERE MANAGEMENT 

In agriculture, plant diseases, plant symbioses and biological control of plant diseases are 

the results of plant-microbe interactions, particularly in the rhizosphere. Understanding 

the molecular mechanisms and possible control points of rhizosphere interactions will 

lead to more efBcient and safer methods to control plant diseases and to promote 

beneficial associations. 

I. History and progress on rhizosphere studies 

The rhizosphere is a complicated microecosystem, which includes multiple biotic and 

abiotic factors. The rhizosphere is defined as "the narrow zone of soil subject to the 

influence of living roots, as manifested by the leakage or exudation of substances that 

affect microbial activity" (Curl and Truelove, 1986). Since the term "rhizosphere" was 

coined in 1904 by Hiltner, this concept has sparked intense world-wide studies. 

The quantitative and qualitative assessment of microbial populations in soil, collection 

and analysis of root exudates, and studies of microbial function on the root surface have 
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been a focxis for rhizosphere studies (Curl and Truelove, 1986). The "rhizosphere effect" 

(increased microbial populations in the rhizosphere) extends to more than 1-2 mm from 

the root surface. The R:S ratio, (i.e. counts of organisms in the rhizosphere soil to counts 

in bulk soil), has been used to compare rhizosphere populations of different plant species, 

of the same plant species growing in different soils, of plants of different ages, and of 

plants growing at different soil moisture content (Rovira, 1991). Microbial populations in 

the rhizosphere can reach 1x10'cells per cubic centimeter, 10-100 times more than those 

in the bulk soil. Despite the huge number of microorganisms in the rhizosphere, only 7-

15% of the actual root siirface (rhizoplane) is colonized by microbial cells (Foster et al., 

1983). One of the features of the rhizosphere, compared with bulk soil, is the intense 

biological activity, due to the large number of microorganisms and nutrients. 

The chemical and physical properties of the rhizosphere are also very different from bulk 

soil. Compression of the soil at the root surface caused by root growth results in smaller 

pore space. Root surfaces also have a high water potential resulting from the evaporative 

demand of the aerial parts of the plant. The activities of roots also bring about chemical 

changes in the nearby soil. Salts are carried by mass flow to the root surface, due to 

selective absorption. The pH, oxygen and carbon dioxide levels are also different from 

bulk soil because of metabolic activities in roots and/or microbes (Foster et al., 1983; 

Kluepfel DA, 1993). All these factors make research on the rhizosphere fascinating, yet 

challenging. 
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Rhizosphere research can be divided into three broad, distinct but interrelated classes: a. 

Influence of roots on rhizosphere microorganisms, b. Influence of the rhizosphere 

microorganisms on plant growth and, c. The rhizosphere influence on plant-microbe 

interactions (Curl and Truelove, 1986). Plant pathogenesis, symbiosis, and biological 

control of plant root diseases are a few outcomes of interactions among plant roots, soil 

microorganisms, and soil physical and chemical conditions. 

Our understanding of rhizosphere interactions has progressed a long way since 1904, to 

the point where the microorganisms in the rhizosphere are being managed to increase 

plant growth (Rovira, 1991). For example, plant growth promoting rhizobacteria (PGPR) 

have been used to increase crop yield, and conunercialized biocontrol agents (BCA) have 

been available for decades. Efforts also have been made to maintain high populations of 

effective rhizobia in the rhizosphere. However, this area has proven frustrating as results 

are variable. The reason for this variability may come from several causes: for examples, 

underestimation of the complexity of the rhizosphere envirormient and the lack of 

knowledge of the plant as an important integrated factor in rhizosphere interactions. The 

amount and composition of plant root exudates in varied conditions may decide the 

dynamics of rhizosphere microflora (Atkinson et al., 1975; Guyon et al., 1992). Genetic 

dissection and molecular manipulation of root exudation may facilitate more effective 

management of rhizosphere interactions. 
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2. Plant root exudation as an active factor in rhizosphere interactions 

Plant root exudates have profound effects on microbial populations in the immediate 

vicinity of the root, and indeed, the rhizosphere is defined as the narrow zone of soil 

affected by the root exudation (Rovira, 1965; Rovira, 1991; Foster et al., 1983; Lynch, 

1990; Curl and Tmelove, 1986). Therefore, studies of rhizosphere interactions must 

include an understanding of the role and molecular mechanisms of root exudation. The 

quantitative and qualitative characterization of organic compounds released from roots 

has been a major focus for research (Curl and Truelove, 1986; Rovira, 1965). Depending 

on plant age, physiological status, and environmental conditions, an estimated 20% or 

more of the plant dry weight is released from roots into the soil. These materials include 

"root border cells" (previously called "sloughed" root cap cells), mucilages, exudates, and 

lysates, which contain amino acids, proteins, sugars, complex carbohydrates, alcohols, 

vitamins, and honnones (Curl and Truelove, 1986; Kluepfel DA, 1993). Also included is 

a wide variety of miscellaneous compounds, which are usually in small amounts and low 

molecular weight. The composition of the exudates varies with plant species, genotype, 

stage of growth, and the prevailing soil environment; consequently, the quantitative and 

qualitative nature of rhizosphere flora also varies. 
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The quality and quantity of root exudates for a given plant species govern the magnitude 

and species of soil microflora (Atkinson et al., 1975; Guyon et al., 1992). Yet molecular 

mechanisms of root exudation are not known. Even under the simple condition of no 

other biotic or abiotic factors involved, root exudates can originate from a variety of 

sources: 1. Leakage from the symplast of the root to enter the apoplast and subsequently 

the rhizosphere. Leakage can also from the point where lateral roots emerge. 2. Secretion 

of compounds which cross membrane barriers as a result of expenditure of metabolic 

energy. 3. Border cells, epidermal cells and root hairs and the subsequent release of 

cytoplasmic contents and cell-wall degeneration products (Curl and Truelove, 1986). 

It has been proposed that rhizosphere interactions can be manipulated by controlling the 

process of plant root exudation (reviewed in Hawes et al., 1998). To control this process, 

a better understanding of the molecular mechanisms of root exudation is needed. It is 

apparent that neither a single gene, nor a single biological process, controls root 

exudation. During the last 15 years, one of the major achievements in the field of 

rhizosphere studies has been the identification of some components of root exudates that 

can influence plant-microbe interactions specifically. These studies are summarized 

below. 

3. Functions of specific chemicals in root exudates 
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The major components in plant root exudates are carbohydrates and amino acids, organic 

acids, lipids, growth factors, and en^Tnes. While the major carbohydrate-based root 

exudates would be expected to serve as common nutrient sources for rhizosphere 

microorganisms, the chemicals in small amoimt and of low molecular weight, often 

labeled as "miscellaneous chemicals", may act on specific rhizosphere microorganisms. 

They are generally termed microbial stimulators, attractors, or inhibitors (Curl and 

Truelove, 1986). Phenolic compounds from root exudates are one group of these 

chemicals (Peters and Verma, 1990; Estabrook and Yoder, 1998). Plants synthesize a 

wide variety of phenolic compounds in both root and shoot tissues during normal growth 

and development They are mainly produced from the phenylpropanoid biosynthetic 

pathway. The general frinctions of these compounds include building blocks of plant 

pigments, cell wall structure, protection from ultraviolet (UV) light, and defense against 

pathogens (Peters and Verma, 1990; Koes, 1994). In addition, it is known that phenolic 

compounds play a key role in plant-microbe associations (Stachel et al., 1985; Peters and 

Long, 1986; Peters and Verma, 1990; Estabrook and Yoder, 1998). 

Since the middle of the 1980s, plant phenolic compounds have been shown in in vitro 

experiments to play a central role in the induction of microbial genes involved in active 

associations with plants, as well as microbial catabolic genes (Peters and Verma, 1990). 

As shown in Table 1, plant wounds release acetosyringone which, together with sugars, 

activates virulence (v/r) genes of Agrobacterium tumefaciens (Stachel et al., 1985). 
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Table 1. The role of phenolic compounds in plant-microbe interactions 

plant-microbe gene or activities phenolic references 

interactions affected compounds 

Crown gall inducing vir genes acetosyringone Stachel et al. 1985 

Rhizobium inducing nod genes (iso)flavonoids Fisher and Long, 199 

sjonbiosis Denarie et al., 1992 

VAM spore germination flavonoids? Barker etal., 1998; 

colonization hyphal responses Poulin et al., 1993 

Azorhizobium intercellular flavonoids Goughetal., 1997 

caulinodans root colonization 

Parasitic seed germination flavonoids? Estabrook and 

angiospenns haustorium formation Yoder, 1998 

Flavonoids and isoflavonoids have been shown to play a critical role as the early signals 

for initiating Xt̂ xait-Rhizobium symbiosis. These flavonoids can induce Rhizobium 
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nodulation {nod) gene expression specifically (Fisher and Long, 1992; Denarie et al., 

1996). (Iso)fiavonoids also have been shown to affect spore germination and cause 

hyphal response of VAM (vesicular arbnscular mycorrhizae) fungi during plant-VAM 

interactions (Barker et al., 1998; Poulin et al., 1993). Phenolic compounds firom plant root 

exudates are required for seed germination in many cases and can influence haustorium 

formation of parasitic angiosperms (Estabrook and Yoder, 1998). Flavonoids can promote 

intercellular root colonization of Arabidopsis thaliana by Azorhizobium caulinodans, an 

associative nitrogen fixer (Gough et al., 1997). In almost all these cases, interaction 

patterns or host range is determined by these specific components in the root exudates, 

and these chemicals are present in small amounts. It will not be surprising to leam that 

other microorganisms in association with plants may respond to specific phenolic 

compounds to interact with their respective host plants, but the genes involved in such 

interactions have not yet been identified (Peter and Verma, 1990). 

Flavonoids have been proposed to play a role in the cross-talk between legume-

Rhizobium symbiosis and fungal vesicular-arbuscular mycorrhizae endosymbiosis. The 

enhancement of mycorrhizae colonization was suggested to be linked to increased 

flavonoid secretion by roots due to the flmction of rhizobial nod factor (Xie et al., 1995). 

Some legume nodulation mutants are also nonmycorrhizal (Barker et al., 1998). The 

molecular and cellular similarity between \i^m\&-Rhizobium and legume-mycorrhizae 

has been analyzed; and the existence of a central genetic program or symbiotic genes in 
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legume (or other) plants for root symbioses has been postulated (Xie et al., 1995; 

Gianinazzi-Person and Denarie, 1997; Barker et al., 1998). 

The release pattern of these phenolic compounds have been investigated, however, the 

molecular mechanisms and potential genetic control of the release of these chemicals 

remain obscure (Graham, 1991; Poulin et al., 1993; Koes et al.,1994; Gough et al., 1997; 

Gianinazzi-Person and Denarii 1997). Early studies showed that the tips of the main root 

as well as those of the lateral roots were found to be the major site for root exudation 

(Van Egeraat, 1975; Curl and Truelove, 1986). It was also found that daidzein, the 

dominant form of isoflavone of the soybean root, was released 10 times higher 

concentration from root tips (3 mm) than from other parts (1 cm behind the root tip) 

(Graham, 1991). Further investigation of the release pattern of these chemicals and 

potential genetic control of the release process may offer the chance to regulate 

rhizosphere conununity structure. 

Increasing experimental data support the idea that plants are not passive targets for 

associating microorganisms, but instead, actively affect the structure of rhizosphere 

communities by releasing attractants and repellents from their roots (Estabrook and 

Yoder, 1998). One of the most extensively studied plant-microbe interactions is the 

iQ^cxDs-Rhizobitan symbiosis. Plant root exudate-derived flavonoids have been shown 

definitively to play a pivotal role in initiating the symbiosis process (Denarie et al., 1992; 
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Fisher and long, 1992; Spaink, 1995). The main steps are sununarized in following 

section. 

4. h&s^xEa&-Rhizobium symbiosis: A model system of molecular plant-microbe 

interactions 

The overall picture of rhizosphere interactions remains elusive, and still will continue to 

be a challenge in the coming years. There are several models in which plant-microbe 

interactions have been well studied. At a molecular level, the symbiosis between 

Rhizobium species and legume plants has been investigated intensively. 

The early steps of the \Q^xm&-Rhizobium symbioses involve a series of sequential 

exchanges of low-molecular-weight signals between the two parmers (see Figure 1). This 

process is initiated by plant root exudate-derived phenolic compounds, flavonoids, 

chalcones and others, i.e. nod gene inducers. Plant flavonoids secreted in root exudates 

induce the expression of bacterial nod genes that specify infection and nodulation. 

Flavonoids activate, in a specific manner, the regulatory NodD proteins (described 

below) that control the transcription of the conmion and specific nod genes of 

Rhizobium. Rhizobium nod genes determine the synthesis of lipooligosaccharid signal 

molecules (N-acylated chitin oligomers), the nod factors, which in turn activate the 
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transcription of plant symbiotic genes to further develop the process of symbiosis 

(Denarie et al., 1992; Fisher and long, 1992; Denarie et al., 1996; Hartwig et al., 1991). 

Nod inducers: Root and seed exudate-derived flavonoid-based plant signal molecules 

There is strong evidence that recognition of specific flavonoids, i.e. plant exudate-derived 

nod inducers, by rhizobia is an important basis of host specificity for initiation of nodule 

formation (Spaink, 1995). Rhizobia respond positively to exudates from plant roots. They 

are chemotactic towards sugars, amino acids, and other nutrients, just like other soil 

microorganisms. Additionally, and perhaps more importantly, rhizobia show strong 

chemotaxis towards specific fiavonoid compounds, which are released by the roots of 

legumes (Maxwell and Phillips, 1990). Chemotaxis toward flavonoids may facilitate the 

contact between the bacterium and the root surface of its specific host (Denarie et al., 

1992). 

The spatio-temporal distribution of flavonoids in the rhizosphere and at the root surface is 

likely to determine the levels of induction of the Rhizobium nod genes. Induction on nod 

gene can be observed directly by placing a legimie seedling in a Petri dish on a lawn of 

Rhizobium bacteria carrying a nod-lacZ fusion (Denarie et al., 1992; Fisher and Long, 

1992). The nature and amoimt of the compounds exuded from a plant root depends on the 

plant species and its stage of development. Flavonoids are released as aglycones or 

glycosidic conjugates of lower activity but higher solubility. These glycoconjugates can 
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be converted to active forms by bacterial glycosidases. The /io</-inducing compounds can 

be active at concentrations as low as 10*' M (Maxwell et al., 1989). The different 

flavonoids present in exudates can interfere with each other's ability in inducing nod gene 

expression. In several cases, flavonoids without inducing properties have been shown to 

inhibit nod gene activation by effective inducers (Caetano-AnoUes and Gresshoff, 1991; 

Denarie et al., 1992). The important point is that it is root exudate-originated flavonoid 

nod inducers which, at the first place, control the outcome of the Ic^xcaQ-Rhizobium 

symbiosis. These nod inducing chemicals are proposed to induce nod genes by directly 

binding to NodD protein. 

NodD protein: Its critical role in signal transduction during symbiosis processes 

The NodD protein, the only product of the nod genes to be constitutively expressed, is a 

major player in the RhizobiumAQ^ixmc interactions which lead to successful symbiosis. 

The different nodD genes are conserved at the nucleotide sequence level and share 

homology with the LysR family of prokaryotic regulatory proteins. The NodD protein 

associates with the cytoplasmic membrane of rhizobia and appears to interact directly 

with the flavonoids in root exudates (Recourt et al., 1989; Denarie et al., 1992). 

In the presence of an appropriate flavonoid, nodD protein activates transcription of all the 

other nod genes, like nodABC, by binding to a conserved 60-bp region of DNA sequence 

in each nod gene promoter, a region known as the nod box (Fisher and Long, 1989). As a 
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result of nod gene induction in Rhizobium, nod factor, a specific sulphated and acyiated 

oligoglucosamine, a glycolipid molecule, is synthesized by induced bacteria and its 

production results in the curling and branching of legume root hairs. 

Nod factor; bacterium-derived lipo-oligosacchrides signal molecules 

A tremendous amount of work has been done on the characterization of the rhizobial 

genes involved in the biosynthesis of nod factors ( Reviewed in Caetano-AnoUes and 

GresshofF, 1991; Denarie et al., 1992; Fisher and Long, 1992; Koes, 1993; Denarie et al., 

1996). Briefly, the common nodABC genes are responsible for the synthesis of the 

molecular backbone of a nod factor, which are similar in all rhizobia. Host-range nod 

genes mediate the decoration of the molecules with various substituents (N-acyl rhain^ 

sulfate, acetate and carbamoyl groups, sugars) to make them plant species-specific. The 

purified nod factors elicit root-hair deformations, cortical cell divisions, and the 

formation of nodule meristems in a specific maimer, indicating that rhizobia determine 

root-hair curling, nodulation and host range by the production of these signal molecules 

(Caetano-Anolles and GresshofF, 1991; Denarie et al., 1996). 

A complete picture of the molecular mechanisms underlying signal exchange between 

legimie Toot-Rhizobium is still far away (Denarie et al., 1992; Koes, 1993; Caetano-

Anolles and GresshofF, 1991; Denarie et al., 1996). On the plant side, in the very upper 

stream of this signal transduction, not much is known about the synthesis and release of 
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flavonoids from legume roots (Denarie et al., 1992; Koes, 1993). On the bacterial side, 

the genetic (nimierous regulatory genes) and molecular (multimeric regulatory proteins) 

complexity of the circuits is intriguing and probably reflects the complexity of the control 

of nod gene expression during the various steps of the symbiotic process (Denarie et al., 

1992). Nevertheless, it is the chemicals derived from plant root exudates, probably 

mainly from root tips, which initiate this whole complicated process. Elucidation of these 

upstream events could offer a direct and efBcient control of the process of symbiosis by 

genetically engineered plants with altered release patterns of these chemicals. 

5. Genetic control of root exudates: possibility and complexity 

That plant root exudates have profound effects on soil microorganisms is clear. It has 

been proposed that differences in the composition and amount of root exudates can 

change the soil microflora, and subsequently change the balance between plant root-soil 

microbe interactions. Limited investigation on the effect of genetic manipulation of plants 

on rhizosphere microflora supports such an assumption. Early work of the chromosome 

5B replacement of wheat showed that genotype of wheat governs the magnitude and 

composition of bacteria populations in the rhizosphere. This happens presumably through 

its control of quality or quantity of root exudates, or both (Atkinson et al., 1975). Another 

example is that transgenic opine-producing lotus plants can specifically promote the 

growth of opine-degrading Agrobacteria (Guyon et al., 1992). These examples showed 
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that changes in composition and amonnt of root exudates by altering the genotype of a 

plant or manipulating the root exudation process could result in change in the soil 

microflora. 

As argued by Bowen (1991), "the benefits to be derived from microorganisms, be they 

infective (such as Rhizobium, Frankia or mycorrhizal fungi) or non-infective (such as 

PGPR or biocontrol agents), rest on the successfiil establishment of the organisms in the 

rhizosphere". Soil conditions, plants and microorganisms all can be managed, but far the 

most direct approach is management of plant and/or microorganism. Most commonly, 

management of soil microorganisms has been the goal. Successful use of plant growth 

promoting rhizobacteria (PGPR) and commercialized biocontrol agents (BCA) are 

examples. Progress has been made, although with frequent problems of inconsistency. 

Such inconsistency is probably because of dif5cult-to-manage soil physical conditions 

and/or the lack of knowledge of the active role of the plant in rhizosphere interactions. 

In the \Q^xra&-Rhizobium interactions, flavonoids have been shown to be a rate-limiting 

factor for nodule formation in some hosts. Kapulnik et al. (1987) found increased nodule 

number, nitrogen fixation, and plant mass in alfalfa after the addition of luteolin to plant 

growth medium. In addition, breeding experiments showed a strong correlation between 

increased nodulation and higher levels of luteolin synthesis. These data suggested that 

production of specific flavonoids and their release from roots are two of the important 
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factors in the Xt̂ amt-Rhizobiimi interactions (Peter and Verma, 1990). As mentioned by 

Hubbell (1993), despite a hundred years of basic and applied research on legume-

Rhizobiian symbiosis, the full agronomic potential of this system is still imrealized. The 

reason is that we do not have a sufficient basic understanding of the nature of Rhizobia 

and their leguminous hosts or their function as a symbiotic system. Plant genotype and 

rhizobial strain variation are primary considerations in attempting to use the system 

effectively in production agriculture. Understanding the molecular mechanisms of the 

regulation of the release of nod inducers may lead to a more efficient symbiosis by 

genetically engineered plants to enhance the release of nod inducers. 

Now with advanced tools to genetically modify plant processes, it is possible to begin to 

dissect the molecular mechanisms of root exudation and genetically regulate the process 

of plant-microbe interactions in a more specific way. Among the possibilities, genetically 

engineered plants with altered patterns of root exudation, may be the most efficient, safe 

and feasible way to regulate rhizosphere interactions. For example, it is theoretically 

feasible to genetically control root exudation to favor disease suppression or promote 

symbiosis. The immediate questions would be: Which plant genes are responsible for root 

exudation? Where is the point to begin investigating the genetic control of root 

exudation? Understanding a imique process of plant root border cell separation of many 

plants, including plants from Leguminosae, is one avenue to create specific, significant 

change in endogenous control of root exudation. 
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BORDER CELL SEPARATION AS A MODEL TO DISSECT THE MOLECULAR 

MECHANISMS OF ROOT EXUDATION 

The mechanisms of root exudation and/or the release of microbial gene inducers are 

unknown. We proposed that genetic regulation of a unique process, i.e. programmed root 

border cell separation from root tips, is one way to manipulate root exudation. 

1. Plant root border cell separation: A potentially important phenomenon 

Plants from many species are programmed to produce thousands of completely 

dissociated living cells from root tips, together with the by-products from this process, 

and to release them into the rhizosphere daily (Hawes et al., 1998; Hawes and Wheeler, 

1982). These cells previously were called "sloughed root cap cells", which wrongly 

suggested that they are dead cells. Now they are referred to as "border cells" to 

"emphasize that under natural conditions [rapulations of these detached, yet living cells 

constitute a physical and biological interface between root surface and soil environment" 

(Hawes and Brigham, 1992). These physically separated cells readily disperse into 

suspension upon immersion of roots into liquid medium (Hawes and Wheeler, 1982). The 

nimiber of border cells is generally conserved at the plant family level. Legume plants 

produce several thousand border cells from a single root tip daily (Hawes, 1986; 
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Stephenson and Hawes, 1994). One of the features is that the process of border cell 

separation is inducible in vitro simply by removing the pre-separated cells from root tips; 

this inducibility makes border ceil separation a good system in the laboratory, since one can 

easily synchronize border cell separation with related events at either the physiological or 

molecular level. 

Plant root border cells constitute a uniquely differentiated part of many higher plants. 

Protein profile and gene expression patterns in border cells are distinct fix>m those of other 

cells, including their immediate progenitors in the root cap (Brigham, 1995). These unique 

traits result in specific interactions with soilbome microorganisms (Hawes and Brigham, 

1992). 

2. Influence of border cell separation on rhizosphere interactions 

The fiinctions of border cell separation on plant growth and development remain 

unknown. Even the long standing assumption that root border cells play a role in 

mechanically protecting root tips has not been proven. Plants from several families 

produce very few or no border cells, yet grow well with normal root morphology and 

with the ability to penetrate soil. For plants which do produce border cells, these cells are 

a major constituent of the root tip, whose fimctions can influence the structure and biology 

of the entire plant by interacting with the soil environment (Aiken and Smucker, 1996). One 
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surprising fact about plant roots is that a large percentage of daily fixed carbon, as high as 

15% to more than 50% can be released as 'root exudates' and border cells and their related 

products can contribute 98% of the total (eg. Curl and Truelove, 1986; Griffin et al., 1976). 

But unlike secreted mucilages, amino acids and other organic material, border cells are 

metabolically active cells. 

The process of border cell separation is likely to have a considerable impact on the 

interactions between plant roots and soil microorganisms, simply due to the significant 

amount of organic matter released from this process into the rhizosphere, either in the 

form of packaged in living cells or cell wall breakdown materials. The potential effects of 

border cell separation on plant-microbe interactions and plant soil environment could be in 

several aspects; 

1. A large amount of organic material and plant signal molecules can be released from this 

process. Many plants, e.g. pea and other legume plants, produce 3,000-4,000 border 

cells daily from root tips. Under conditions which are similar to rhizosphere CO, level, 

the number of border cells can reach to 8000 (Zhao et al., 1999). These root tips can be 

envisioned as an "inverted chimney" or an open window, pumping out or leaving 

behind a large amount of plant metabolites along the way growing through soils. 

2. Signal molecules released from the process of border cell separation at root tips could 

correlate with plant-microbe association at the elongation zone, which is the conunon 
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site for infection. Plant signal molecules (eg. nod inducers) released fiom root tips could 

stimulate or inhibit the soil microorganisms nearby. As the plant root grows by, the 

stimulated or inhibited microorganisms may reach potential infection sites of elongation 

zone immediately behind the root tip. 

3. At the same time, plant signal molecules released fix)m root tips may provide the right 

timing needed for microorganisms to prepare and/or adjust themselves and then 

establish the association with plants. After receiving plant signal molecules released 

&om root tips, the microorganisms may need a time window to adjust their status by 

expressing related genes, to actively colonize or infect plants at the elongation zone. 

4. The by-products from this process (e.g. ceil wall breakdown materials) could change the 

microenvironment (richness of nutrient and change of pH) in the rhizosphere, which 

could substantially change the balance between beneficial and detrimental (deleterious) 

microorganisms in the rhizosphere and subsequently affect specific plant-microbe 

interactions. 

Plant signal molecules released from the process of border cell separation could be 

particularly important, compared with those fix>m other parts of the root. As others have 

observed, the ability of bacteria to migrate to the rhizoplane (root surface) is probably 

limited, therefore only bacteria in the path of plant root growth will be activated by signal 

molecules (Foster et al., 1983). In the case of the RhizobiumA&^amc symbiosis, there is 

only a small region close to the zone of elongation of the host root that appears to be 
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susceptible to infection and nodulation by Rhizobium (Caetano-Anolles and Gresshoff, 

1991; Denarie et al., 1992). In other words, there is only a narrow time and space window 

for the initiation of successful symbiosis. Other parts of plant roots may also release signal 

molecules, but, because of their timing and location of release, the signal molecules released 

fix>m root tips, along with the process of border ceil separation, probably are especially 

important for the association between legume plants and Rhizobium bacteria. 

That border cell separation per se may influence the release of plant signal molecules has 

never been examined. The release of these chemicals could be by an active secretion or a 

passive loosening from the process of cell wall degradation. The process of border cell 

separation could be a critical factor for the release of nod gene inducers. 

1. If the release of microbial gene inducers is an active and constitutive secreting process 

from both root tissues at root tips and separated border cells, then thousands of living, 

separated border cells from a single tip could significantly increase the surface for 

secretion, and thus the amount of inducers increased. 

2. If cell wall degradation is a process to break down the physical barrier for the pre-made, 

cell wall bound microbial gene inducers (eg. phenolic compounds) to be released, this 

process, the putative cause of border cell separation, will certainly facilitate the release 

of them. 
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3. A combination of both aforementioned processes may contribute to the release of 

microbial gene inducers. 

Using reporter stains, root tips have been reported to be the major sites of detected nod 

inducers by several research groups (Djodjevic et al., 1987; Peters and Long, 1988). In 

another experiment, collection of another flavonoid, deidzein, from root tips of bean by 

collecting from a fixed position showed that root tip region of 3 mm releases 10 times more 

deidzein than that in the region of 1 cm behind the root tip (Graham, 1990). These results 

constitute indirect evidence for the hypothesis that root tips where border cell separation 

occurs are one of the major sites for the release of plant signal molecules. 

Another interesting piece of evidence about the potential importance of border cell 

separation on plant-microbe associations was reported by Niemira et ai. (1996). In their 

studies, the number of border cells produced in different plant families and their propensity 

for arbuscular mycorrhizal colonization was investigated. Investigation of a dozen plant 

families showed that plants which produce a larger numbers of border cells have a greater 

mycorrhizal propensity, whereas plants that produce fewer border cells have a lesser 

mycorrhizal propensity. For example, plants from the leguminosae family, which produce 

3000 plus border cells from each root tip, have a 60-98% of mycorrhizal propensity. In 

contrast, plants from the Brassicaceae and Chenopodiaceae produce fewer than 100 border 

cells, and these plants usually have 0-16% of mycorrhizal propensity. Arabidopsis thaliana. 
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which has none or a few border ceils separated fix)m its tip, no myconliizal colonization was 

foimd. 

It has been proposed that the process of border cell separation and the production of 

border cells de novo are major sources of microbial gene inducers. According to this 

hypothesis, the release patterns of microbial gene inducers (or other components of plant 

root exudates) will be changed either by enhancing or decreasing the activity of border cell 

separation. In other words, rhizosphere properties of a root with border cell separation are 

distinct in their biochemical and biophysical properties from that of a root without border 

cells. 

Border cell separation must be a strictly regulated process, since the release of these 

metabolically active plant cells has no observed destruction to plant life. Separation of 

border cells occurs because the intercellular connections among cells at the root cap 

periphery are broken, yielding populations of separated cells with intact cell walls. With an 

emerging molecular model of root border cell separation (Woo et al., 1997; Brigham et 

al., 1998; Hawes et al., 1998), the relationship between border cell separation and root 

exudation can be tested. Molecular cloning and genetic manipulation of the candidate 

genes to generate a transgenic plant with altered border cell separation patterns is one of 

the available approaches (Hawes et al, 1994a). It is not clear which genes control the 

process of border cell separation. Given that border cells are intact, living somatic cells 
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with metabolically functional cell walls, degradation of the cell wall, particularly the 

cementing layer between cells, i.e. the middle lamella, would be the logical cause for this 

unique biological process of border cell separation. 

REGULATED CELL WALL DEGRADATION: A PUTATIVE CAUSE FOR BORDER 

CELL SEPARATION 

The cell wall is a complex, semi-rigid structure that surrounds the cytoplasmic membrane. 

The wall forms a single continuous extracellular matrix through the body of the plant, 

acting as buffer between the envirorraient and protoplasmic content Besides the basic 

fimctions of provision of mechanical strength and maintenance of cell shape, the cell wall 

also controls cell expansion, intercellular transport, signaling and conmiunications 

(McCaim and Roberts, 1991; Gibeaut and Carpita, 1994; Heredia et al., 1995). 

1. Basic features of cell wall composition and structure 

While the chemical categories of polymers that make up cell walls are well defined in 

several model systems, the picture of a functioning cell wall is still far from clear at 

molecular level (Albersheim et al., 1994; Gibeaut and Carpita, 1994; Vamer and Lin, 1989; 

Willats and Knox, 1996; Brett and Waldron, 1996). The current model of polymers 

organization in primary cell wzills of plants (as illustrated in Fig. 2 in next p£^e) is that 
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celluiosic microfibrils are embedded in a matrix of interwoven noncellulosic 

polysaccharides and proteins (Liyama, 1994). The matrix include hemicellulose, pectins 

and proteins. Cellulose, an imbranched P-1, 4-glucan in linear chain form, is the major 

component of the primary cell wall, 20-30% of the wall's dry weight and 10-15% of its 

volume. Hemicelluloses, mainly in the form of xyloglucan in the primary cell wall of 

dicot plants, are non-cellulosic wall polysacchrides other than pectins. The backbone of 

xyloglucan is identical to cellulose, but attached to 70-80% of the glucose residues are 

side-chains, mostly of xylose residues a-linked to C-6 of glucose. In muro, it seems 

likely that hemicelluloses coat microfibrils by tight hydrogen-bonding between the 

celluiosic backbone and cellulose molecules themselves (McCann and Roberts, 1991; 

Brett and Waldron, 1996; Gibeaut and Carpita, 1994). 

Pectins are a heterogeneous, branched and highly hydrated group of polysaccharides rich 

in D-galacturonic acid. The homogalacturonans together with rhamnogalacturonan I and 

II comprise the bulk of the pectins of dicots. The homogalacturonans are apparently 

secreted with most of the uronate groups esterified with methyl groups (McCann, 1991; 

Vamer and Lin, 1989). The polymers with a high degree of esterification (DE) have little 

capacity of interaction with other components of the wall, while others with low DE are 

stabilized by ionic bonds with calciimi forming gels ("egg-box structure"), leading to 

stabilization of the middle lamella (Fry, 1986; Heredia, 1995). 
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Other nonpolysaccharide components lend strength and complexity to the cell walls. Cell 

walls contain a variety of different proteins, most of which are glycosylated. In addition 

to a variety of cell wall metabolizing enzymes, structural proteins, notably the 

hydroxyproline-rich glycoproteins (HRGP, extensin), are inserted into the wall during 

primary wall growth. Other proteins include proline-rich, threonine-rich, glycine-rich 

proteins, nodulins (specifically in cell walls of nodules) and lectin (proteins that bind 

specifically to certain sugars Avithout acting enzymatically on them) (Brett and Waldron, 

1996). 

The major components of the cell wall have been considerably analyzed and documented. 

One of the minor components, phenolic compounds, particularly in the unlignified 

primary cell wall, have received less attention. These chemicals are of special importance 

for many processes including plant-microbe interactions. Certain primary walls contain 

lignin, which is hydrophobic and partly replaces water. The cell walls have been shown 

to be the major sites in which the products of the phenylpropanoid pathway accumulate 

(Yamamoto, 1989). Lignification is most prevalent in cells with secondary walls, but it 

often begins in primary walls or middle lamellae of these cells (Fry, 1988). To understand 

the possible mechanisms of the release of the phenolic chemical-based microbial gene 

inducers, phenolic compounds in the cell wall should not be ignored. 

The cell wall is a dynamic structure. At each stage of plant cell development, cytokinesis, 

elongation, and maturation, the chemistry and structure of the cell wall changes (Gibeaut 
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and Carpita, 1994). Degradation of cell wall polymers occurs not only dnring pathogenic 

attack but also as part of normal cell growth and development. Parts of the wall are 

subject to metabolic turnover during vegetative growth, i.e. synthesis and breakdown 

occurs at the same time. Cell wall breakdown increases significantly at certain points in 

development, such as seed germination, fiuit ripening, xylem vessel formation, abscission 

and senescence. Plant root border cell separation at root tips is another biological process 

to be added to this list. These breakdown processes are under close metabolic control, 

both in location and timing, and they provide the developmental flexibility that prevent 

the wall firom becoming a strait-jacket (Brett and Weldon, 1996). 

2. The functions of cell wall modifying enzymes and border ceil separation 

The degradation of the middle lamella, i.e. the cementing layer between cells, is likely the 

main cause for border cell separation, since separated border cells have metabolically 

functional cell walls. Pectins are among the earliest secreted polysaccharides and are 

located in the most central part between two cells, i.e. the middle lamella. Studies on 

pathogenesis caused by soft-rot pathogens revealed that bacterial genes encoding 

polygalacturonases (PGs) and pectate lyases (PLs) are the only groups of genes able to 

depolymerize pectins. By the actions of these gene products, bacteria cause potato tuber 

tissue maceration and collapse (Collmer and Keen, 1986; Koutoujansky, 1987). We 
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proposed that the activity of plant-derived pectolytic enzymes are the cause of border cell 

separation at plant root tips. 

The role of PME in plant growth and development is yet to be determined, however, 

PME activity has been observed in all higher plants examined as well as in a number of 

plant pathogenic fungi and bacteria (Collmer and Keen, 1986; Fischer and Bennett, 

1991). The controlled breakdown of poljoners within the cell wall, particularly 

demethoxylation activity play a role in critical processes including fruit ripening, cell 

wall maturation, abscission and senescence, symbiosis and pathogenesis (e.g. Fisher and 

Bennett, 1991; Carpita et al., 1996; Collmer and Keen, 1986). Yet our understanding of cell 

wall degradation is in its infancy. 

Among the characterized cell wall degradation enzymes, pectinmethylesterase (PME) was 

selected as a candidate gene for root border cell separation for several reasons: 1. PME has 

been found in all the plants surveyed and expressed in most of plant tissues for a variety 

of biological processes (Collmer and Keen, 1986; Fry 1988 ). 2. By catalyzing the 

deesterification on methylated pectins, polygalacturonic acid (PGA) is formed. 

Compared with methylated pectins, PGA can be more actively degraded (depolymerized) 

by PG and PL (Huber, 1983; Fischer and Bennett, 1991; Roberts, 1991). 3. During 

deesterification by PME, another end-product are protons. The released protons could 

create a localized reduction in pH. This change in pH may control the activity' of other cell 
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wall degrading en^rmes which are optimally active at low pH, Uke PG in tomato fruit 

(Lamport, 1983; Ricard and Neat, 1986; Symour et al., 1987). So PME not only initiates the 

process of cell wall degradation, it also regulates the activities of down-stream cell wall 

degrading enzymes. 

In the extensively investigated tomato ripening process, it was reported that the total 

uronic acid content of tomato fruit remains constant throughout ripening, whereas the 

degree of esterification decreases from 90% at mature green and break stage to 35% at the 

pink and ripe stages (Koch and Nevins, 1989). It has been hypothesized that 

deesterification of pectin by PME and depolymerization by polygalacturonase are 

involved in fruit ripening. This hypothesis is based on the observation that 

demethoxylation of pectin by PME cause a several folds increase in cell wall 

solubilization by polygalacturonase (Harriman et al., 1991). 

Therefore we proposed that expression of the PME gene at the root tip of pea plays a role 

in border cell separation and in the consequent release of nod gene inducers (and other 

plant signal molecules). If the hypothesis is correct, two predictions can be tested: 1. 

When the process of cell wall degradation is altered by expressing antisense PME 

mRNA, the pattern of border cell separation will be changed. 2. When the process of 

border cell separation is changed, the release of plant signal molecules will be affected. 
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3. Evidence of PME activity in root border cell separation 

(1). Enzymology 

The levels of PME enzyme activity are tightly correlated with border cell separation during 

two distinct phases at root tips of pea. First, during the early developmental period when the 

radicle emerges from the cotyledon, PME en^^e activity is high as border cell separation 

is initiated, and then declines as the majority of border cells have separated. Once the 

species-specific maximimi number of cells is reached and further separation of cells ceases, 

PME activity remains at a low constitutive level (Stephenson and Hawes, 1994). For pea, 

the number of border cells reaches 3500 ± 500 cells at 25 nun of radicle (Hawes and 

Wheeler, 1982). During the second stage of development, after experimental induction of 

renewed border cell separation by removal of existing border cells, an increase in PME 

enzyme activity can be detected within one hour and remains at high level until most of the 

cells have separated (Stephenson and Hawes, 1994). For pea, the whole set of about 4000 

border cells can be produced within 24 hr after induction. 

PME activity is present in root caps of other species that release large number of border 

cells, such as alfalfa, sunflower and com. PME activity is not present in the root cap of 

Arabidopsis thaliana, which does not release border cells during early development, 

under the condition used (Stephenson and Hawes, 1994). For these examined plants, PME 
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activity, however, does not change in response to several factors, like genotype, circadian 

rhythms, light or germination temperature (10-3T'C). 

Using monoclonal antibodies JIMS (mainly reacts to deesterified pectin and to pectin 

containing up to 50% esterification, decreasing in intensity as degree of esterification 

increases) and JIM7 (equally reactive with pectin containing 35%-90% esterification, but 

does not react to deesterified pectin). There is an increase in the amoimt of PGA with less 

than 35% esterification during border cell separation (Stephenson and Hawes, 1994). This 

results suggest the involvement of PME enzymes in border cell separation process. 

Florescein uptake assays were used to measure the accumulation of florescein. Plant cell 

uptake florescein when pH inside cells is higher than that of the apoplast. The results 

indicate that, in caps of roots more than 25 mm long, virtually every peripheral cell takes 

up fluorescein, supporting the hypothesis that apoplastic pH within those cell layers is 

uniformly lower than 5.6, as a putative action of PME. 

(2). A gene encoding a PME of pea is expressed in the root cap 

A partial cDNA encoded bean {Phaseolus vulgaris) pod PME was used as a heterologous 

probe to screen an induced pea root tip cDNA library. A partial cDNA encoding the root 

cap expressed PME was cloned, and designated pspel. Northern blot analysis indicated 
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that expression of pspel in the root cap is correlated with border cell separation. The 

transcript levels of pspel, like levels of PME eazyvas activity (Stephenson and Hawes, 

1994; Wen et al., 1999), is high as border cell separation is initiated, and then declines as 

the majority of border cells have separated. Once the species-specific maximum number of 

cells is reached and separation of new cells ceases after 24 hr, transcript levels remain at a 

low constitutive level (Stephenson and Hawes, 1994; Wen et al., 1999). £>uring the second 

stage of development, after experimental induction of renewed border cell separation by 

removal of existing border cells, a similar correlation was observed (Wen et al., 1999). 

These results strongly suggest that the expression of pspel is regulated at the transcription 

level. 

With this background, the main goals for this study are (1) Molecular cloning of the full 

length coding sequence and the regulatory region of the PME gene expressed in root tips 

of pea, (2) Genetic manipulation of its expression by antisense techniques, with 

Agrobacterium rhizogenes mediated hairy root system, and (3) Examining the impact on 

border cell separation and release of nod inducers from root tips of above transgenic 

hairy roots. 

MOLECULAR TOOLS FOR FUNCTIONAL ANALYSIS OF A PEA ROOT TIP 

EXPRESSED PECTINMETHYLESTERASE GENE 
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The relatively recent development of techniques to isolate and manipulate specific DNA 

fragments has led to advances in the ability to selectively alter the genetic make-up of an 

organism. Unlike random mutagenesis, a simple but largely uncontrollable process with 

unpredictable results, genetic alteration using recombinant DNA technology is highly 

selective (Greenberg and Glick, 1993). Among the various methods available for 

transferring foreign genes into cells of certain higher plant species, two main categories 

are 1. A natural plant vector, the Gram-negative soil bacteriimi Ag^obacterium mediated 

transformation; 2. Direct transfer of DNA into plant protoplasts (e.g. electroporation or 

polyethylene glycol treatment) (Willmitzer, 1988). From the early 1980s, several plant 

species have been successfully transformed for various purposes. Some of the traits that 

can be "engineered" into plants by addition of a single gene (or a small cluster of genes) 

includes insecticidal activity, tolerance to viruses, herbicide resistance, altered fruit 

ripening, altered flower pigmentation, improved nutritional quality of seed proteins and 

self incompatibility (Greenberg and Glick, 1993; Of&inga and Hooykaas, 1995). 

As discussed above, PME enzyme activity and the expression of its encoding gene, 

pspel, are correlated with the process of border cell separation in pea root tips, and 

appeared to be regulated at least in part at transcription level. The goal of this study was 

to test the hypothesis that the expression of PME gene in root tips of pea is responsible 

for initiating cell wail degradation which results in border cell separation. The main 

experimental approach was cloning and genetically manipulating PME gene expression 
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by antisense mutagenesis through Agrobacterium rhizogenes mediated hairy root system. 

Effects on border cell separation and consequent release of nod gene inducers was 

examined by Rhizobium reporter strain. 

1. Hairy root system 

Agrobacterium-TDSi^zX.Qd biological delivery of foreign DNA to plants is the most 

widespread transformation strategy in use today. A. tumefaciens and A. rhizogenes are 

pathogenic soil bacteria, which in the wild, genetically transform cells in the crown or 

roots of plants. The agents responsible are 200 to 500 kb circular plasmids, the Ti-

plasmid from A. tumefaciens and Ri-plasmid from A. rhizogenes. During interaction, a 

segment of plasmid called transfer DNA (T-DNA) is inserted into the plant chromosome. 

Biological transformation results in transfer of one to three copies of the T-DNA, which 

are stably integrated in the plant chromosome at a random sites (Gruber and Crosby, 

1993; Ofifringa and Hooykaas, 1995). 

To deliver the foreign target gene into the plant genome, two types of vector systems, 

cointegrating and binary, have been developed. The early developed cointegrating vector 

took the advantage of homologous recombination between resident and engineered Ti-

plasmid, after mobilizing cloned genes from E. coli to Agrobacterium through tri-parental 

mating. More recently developed binary shuttle vectors, which has no T-DNA integration 
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Step, are better in following aspects; they are smaller and subsequently easier to maintain 

and manipulate in E. coli, and they exhibit a greater frequency of transfer from E. coli to 

Agrobacteriim (Gruber and Crosby, 1993). 

Although Agrobacterium-med^ated biological delivery of foreign DNA to plants is the 

most widespread transformation strategy in use today, there are several factors that 

influence the optimization of transgene expression. The chromosomal context of 

independent insertions, or ''position effect" is known to exert a strong influence, either 

positive or negative, over the expression potential of the integrated construct (Gruber and 

Crosby, 1993). Methylation of transgenes is also reported to regulate gene expression 

(Of&inga and Hooykaas, 1995). The structural features, sequence, or chromosomal 

context of a transgene which favors hypermethylation and corresponding reduced gene 

expression are unknown. Repressive effects on gene expression also can be derived by 

the subsequent introduction of multiple copies of a given construct, either through tandem 

transformation or sexual crossing of independent lines (Gruber and Crosby, 1993). 

2. Antisense technology 

The best way to understand the role of a specific gene or the mechanism underlying its 

regulation is to modify or eliminate the expression of the target gene and study the 

resulting phenotypic effects. The use of antisense RNA for such studies represents an 
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approach which can theoretically inhibit the expression of a selected transcriptional unit 

without altering its sequence, since transcription is the main level at which gene 

expression is regulated (Lichtenstein, 1988; Wingender, 1997). Preliminary studies in 

our lab suggested that expression of PME of pea {Piston sativum), like many other plant 

genes, is regulated at least in part at the transcription level. 

Since Ecker and Davis (1986) first reported a successful antisense experiment in 

protoplasts, this new technology has been used in the study of plant gene expression. 

Although the mechanism of antisense inhibition remains unclear, the basic idea is to 

block the genetic information flow firom DNA to protein by introduction of a modified 

gene which can produce a RNA strand complementary to the sequence of the target 

mRNA. When the two complementary RNA strands are synthesized and interact in vivo, 

hybridization is thought to occur between them. Such hybridization impairs mRNA 

maturation and/or translation, and down-regulation or silencing of the corresponding gene 

is achieved. However, the discovery that "sense" genes are able to mimic the action of 

antisense genes indicates that (anti)sense genes must operate by mechanisms other than 

RNA-RNA interaction. At present, RNA-DNA and DNA-DNA interactions can not be 

discriminated. Nevertheless, regardless of the mechanism, this technology can produce a 

genetic mutant lacking or down regulated in the functional expression of the target gene 

(Ecker and Davis, 1986; Mol et al., 1990; Erickson and Izant, 1992). 
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Using standard molecular tools to alter plant genomic composition and to manipulate the 

»q)ression of specific genes, the root exudation process was investigated by genetically 

manipulating a candidate gene responsible for plant root border cell separation of pea. 

Specifically, antisense suppression of a pectinmethylesterase (PME) gene which is 

expressed in root tip of pea was carried out and the release of nod gene inducers was 

monitored using reporter strain of Rhizobium leguminosarum bv viciae. 
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The Dissertation Foimat 

The fonnat of this dissertation follows the "Dissertation Fotmat Option for Including of 

Published Papers" described by the Gradiiate College of the University of Arizona. All 

research pertaining to this dissertation has been published or is being submitted for 

publication. Four papers are included in this dissertation. 

The first paper (Appendix A) was published in Plant Physiology Vol. 115, pp 1691-

1698. September 1997, entitled "Induction of Microbial Genes for Pathogenesis and 

Symbiosis by Chemicals from Root Border Cells". This paper reported plant root border 

cells as de novo sources of microbial gene inducers. 

The second paper (Appendix B) has been submitted to The Plant Cell and is in final 

review. It is entitled "Expression of a Pectinmethylesterase-like Gene in Pea Root Tips 

Influences Extracellular pH, Cell Morphology and Border Cell Separation". This paper 

reported the isolation of a pea root tips expressed pectinmethylesterase cDNA and its 

transgenic expression driven by CaMV 35S promoter. The experiments 1 contributed to 

the paper are listed below: 

1. Constructing an induced pea root tip cDNA library. 
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2. Screening the cDNA library using a previously isolated partial cDNA, pspel, as a 

probe to isolate the full length PME gene. 

3. Sequencing and assembling the isolated full length cDNA, designated rcpmel. The 

sequence has been submitted to gene bank with access number of AF 056493. 

4. Computer sequence analysis, including multiple-sequence analysis by Pileup of 

deduced amino acid sequences of 10 published PME genes and PME gene motif 

identification. 

The third paper (Appendix C) is in preparation for submitting to Plant Molecular 

Biology. This paper reports the work on isolation of the rcpmel promoter, promoter 

analysis in transgenic hairy roots, antisense expression of rcpmel mRNA in transgenic 

hairy roots and its impact on border cell separation. 

The fourth paper (Appendix D) concerns the release of inducing chemicals on the 

induction of Rhizobium leguminosanan bv viciae reporter gene expression and will be 

submitted to Phytopathology. It includes assays of inducing activity from regulated 

process of border cell separation, transgenic hairy root lines expressing antisense PME 

mRNA and the impact of border cell separation on the nodulation process of pea {Pisum 

sativum) by Rhizobium leguminosctrum bv viciae. 



58 

REFERENCES 

Aiken RM, Smucker AIM 1996. Root system regulation of v^ole plant growth. Ann Rev 
Phytopathol 34:325-46 

Albersheim P, An J-H, Freshour G, Fuller MS, Guillen R, Ham K-S, Hahn MG, Huang J, 
O'Neill M, Whitecombe A, Williams MV, York WS, and Darvill A 1994. Structure 
and function studies of plant cell wall polysaccharides. Biochem Soc Transactions 
22:374-378 

Apte AN, Siebert PD 1993. Anchor-iigated cDNA libraries: a technique for generating a 
cDNA library for the immediate cloning of the 5' ends of mRNAs. Biotechniques 
15: 890-893 

Atkinson TG, Neal Jr JL, Larson RI 1975. Genetic control of the rhizosphere microflora 
of wheat. In G.W. Bruehl, ed. Biology and Control of Soil-Borne Plant Pathogens. 
American Phytopathological Society, St. Paul, Minnesota, pp 116-122. 

Barker SJ, Tagu D, Delp G 1998. Regulation of root and flmgal morphogenesis in 
mycorrhizal symbioses. Plant Physiol 116: 1201-1207 

Barras, F 1994. Extracellular enzymes and pathogenesis of soft-rot Erwinia. Ann Rev 
Phytopathol 32: 201-34 

Bowen GD 1991. Microbial dynamics in the rhizosphere: possible strategies in managing 
rhizosphere populations. In Keister DL, Cregan PB, eds. The Rhizosphere and 
Plant Growth. BCluwer Academic Publishers, Netherlands, pp 25-32 

Brett C, Waldron, K 1996. Physiology and biochemistry of plant cell walls. 2nd edition. 
Chapman and Hall, London/Weinheim/New York/Tokyo/Melboum/Madras, pp 
255 

Brewin NJ 1991. Development of the Legume Root Nodule. Ann Rev Cell Biol 1991. 7: 
191-226 

Brigham LA, Woo HH, Nicoll AM, Hawes MC 1995. Differential expression of protein 
and mRNAs from border cells and root tips of pea. Plant Physiol 109:457-463 

Caetano-Anolles G, Gresshoff PM. 1991. Plant Genetic Control of Nodulation. Ann Rev 
Microbiol 45: 345-82 



59 

Collmer A, Keen NT 1986. The role of pectic enzymes in plant pathogenesis. Annu Rev 
Phytopathol 24: 383-409 

Curl EA, Truelove B 1986. The Rhizosphere. Berlin, Springer-Verlag. pp288 

Denarie J, Debelle F, Rosenberg C 1992. Signaling and Host Range Variation in 
Nodnlation. Ann Rev Microbiol 46:497-531 

Denarie J, and Debelle F 1996. Rhizobium lipo-chitoologosaccharide nodulation factors: 
signaling molecules mediating recognition and morphogenesis. Ann Rev Biochem 
65: 503-35. 

Djordjevic MA, Redmond J W, Batley M, Rolfe, BG 1987. Clovers secrete specific 
phenolic compounds which stimulate or repress nod gene expression in 
Rhizobium trifolii. EMBO J 6:1173-79 

Ecker JR, Davis RW 1986. Inhibition of gene expression in plant cells by expression of 
antisense RNA. Proc Natl Acad Sci, USA 83: 5372-5376 

Ellis THN 1993. The nuclear genome. In Casey R, Davies DR, eds. Pea: genetics, 
molecular biology and biotechnology. CAB International, University press, 
Cambridge, pp 13-48 

Erickson P, Izant JG 1992. Gene regulation: biology of antisense RNA and DNA. Vol. 1. 
Raven Press series on molecular and cellular biology. Raven Press, New York, pp 

Estabrook EM, Yoder JI 1998. Plant-plant communications: Rhizosphere signaling 
between parasitic angiosperms and their hosts. Plant Physiol 116: 1-7 

Firmin JL, Wilson, KE, Rossen L, Johnston AWB 1986. Flavonoid activation of 
nodulation genes in Rhizobiim reversed by other compoimds present in plants. 
Nature 324: 90-92 

Fischer RL, and Bennett AB 1991. Role of cell waill hydrolysis in firuit ripening. Ann 
Rev Plant Physiol Plant Mol Biol 42: 675-703 

Fisher RF, Long SR 1992. Rhizobium-plant signal exchange. Nature 357: 655-60 

Foster RC, Rovira AD, Cock TW 1983. Ultrastructure of the root-soil interface. The 
American Phytopathological Society, St. Paul, MN, pp.157 



60 

Fry SC 1986. Cross-linking of matrix polymers in the growing cell walls of angiosperms. 
Ann Rev Plant Physiol 37:165-186 

Fry SC 1988. The growing plant cell wall: chemical and metabolic analysis. Technical. 
John Wiley and sons. Inc. /New York, pp 59 

Gianinazzi-Person V, Denarie J 1997. Red carpet genetic programs for root 
endosymbioses. Trends in Plant Science 2: 371-372 

Gibeaut DM, Carpita, NC 1994. Biosynthesis of plant cell wall polysaccharides. FASEB 
J 8: 904-915 

Gough C, Galera C, Vasse J, Webester G, Cocking EC 1997. Specific flavonoids promote 
intercellular root colonization of Arabidopsis thaliana by Azorhizobium 
ccMlinodans ORS571. MPMI 10: 560-570 

Graham TL 1991. Flavonoid and isoflavonoid distribution in developing soybean 
seedling tissues and in seed and root exudates. Plant Physiol 95: 594-603 

Greenberg BM, Glick BR 1993. The use of recombinant DNA technology to produce 
genetically modified plants. In Glick BR, Thompson JE, eds. Methods in Plant 
Molecular Biology and Biotechnology. CRC Press Boca Raton /Ann 
Arbor/Lodon/Tokyo, pp360 

Griffin GJ, Hale MG, Shay FJ 1976. Nature and quantity of sloughed organic matter 
produced by roots of axenic peanut plants. Soil Biol Biochem. 8: 29-32 

Gruber MY, Crosby WL 1993. Vector for plant transformation. In Glick BR, Thompson 
JE, eds. Method in Plant Molecular Biology and Biotechnology. CRC Press Boca 
Raton / Aim Arbor / London / Tokyo, pp 89-108 

Guyon P, Petit A, Tempe J, Dessaux Y 1992. Transformed plants producing opines 
specifically promote growth of opine-degrading Agrobacteria. MPMI 6: 92-98 

Hall LN, Tucker GA, Smith CJS, Watson CF, Seymour GB, Bundicky, Boniwell JM, 
Fletcher JD, Ray JA, Schuch W, Bird CR, Grierson D 1993. Antisense inhibition 
of pectin esterase gene expression in transgenic tomatoes. Plant J 3: 121 -129 

Hartwig UA, Joseph CM, Phillips DA 1991. Flavonoids released naturally from alfalfa 
seeds enhance growth rate of Rhizobium meliloti. Plant Physiol 95: 797-803 



61 

Hairiman RW, Tieman DM, Handa AK 1991. Molecular cloning of tomato pectin 
methylesterase gene and its expression in Rutgers, ripening inhibitor, and Never 
ripe tomato fruits. Plant Physiol 97: 80-87 

Hawes MC and Pueppke SG 1986. Sloughed peripheral root cap cells: yield from 
different species and callus fomiation fix)m single cells. Amer J Bot 73 : 1466-
1473 

Hawes MC, Brigham LA 1992. Impact of root border cells on microbial populations in 
the rhizosphere. Adv Plant Pathol 8: 119-148 

Hawes MC, Brigham LA, Nicoll SM, Stephenson MB 1994a- Plant genes controlling the 
release of root exudates. Biotechnol and Plant Protection 4: 61-72 

Hawes MC, Brigham LA, Woo HH, Zhu YM 1994b. Plant genes controlling rhizosphere 
ecology. Molecular Ecology Symposium 3:619 

Heredia A, Jimenez A, Guillen R 1995. Composition of plant cell walls. Z Lebensm Unters 
Forsch200:24-31 

Hubbel DH 1993. Screening for inoculant-quality strains of rhizobia. In Glick BR, 
Thompson JE, eds. Method in Plant Molecular Biology and Biotechnology.. CRC 
Press Boca Raton / Ann Arbor / London / Tokyo, pp 360 

Huber DJ 1983. The role of cell wall hydrolyses in fruit softening. Hortic Rev 5: 169-219 

Kapulnik Y, Joseph CM, Phillips DA 1987. Flavone limitations to root nodulation and 
symbiotic nitrogen fixation in alfalfa. Plant Physiol 84:1192-1196 

Kluepfel DA 1993. The behavior and tracking of bacteria in the rhizosphere. Am Rev 
Phytopathol 31: 441 -72 

Koch J, Nevins DM 1989. Tomato cell wall: use of purified tomato polygalacturonase 
and pectinmethylesterase to identify developmental changes in pectins. Plant 
Physiol 91: 816-822 

Koes RE, Quattrocchio F, Mol JNM 1994. The flavonoid biosynthetic pathway in plants: 
fimction and evolution. BioEssays 16: 123-132 

Koutojansky A. (1987). Molecular genetics of pathogenesis by soft-rot Ermninas. Ann 
Rev Phytopathol 25:405-430. 



62 

Lichteostein C 1988. Antisense RNA as a tool to study plant gene expression. Nature 
333: 801-802 

Liyama K, Lam TB-T, Stone BA 1994. Covalent cross-link in the cell wall. Plant 
Physiol 104: 315-320 

Lynch, JM 1990. The rhizosphere. John Wiley, New York. 

Lynn DG, Chang M 1990. Phenolic signals in cohabitation: implications for plant 
development. Ann Rev Plant Physiol Mol Biol 41:497-526 

Maxwell CA, Hartwig UA, Joseph CM, Phillips DA 1989. A chalcone and two related 
flavonoids released from alfalfa roots induce nod genes of Rhizobium meliloti. 
Plant Physiol 91: 842-47 

McCann MC, Reberts K 1991. Architecture of the primary cell wall. In Lloyd C, ed. The 
Cj^oskeletal Basis of Plant Growth and Form, Academic Press, New York, pp 
109-129 

Mol JNM, van derTunen AJ, van Blokland R, de Lange P, Stui^e AR 1990. Regulation 
of plant gene expression by antisense RNA. FEBS 268:427-430 

Nicholas JB 1991. Development of the legume root nodule. Ann Rev Cell Biol 7: 191-
226 

Niemira BA, Safir GR, Hawes MC 1996. Arbuscular mycorrhizal colonization and border 
cell production: a possible correlation. Phytopathol 86: 563-65 

Peters NK, Frost JAW, Long SR 1986. A plant flavone, luteolin, induces expression of 
Rhizobium meliloti nodulation genes. Science 233: 977-980 

Peters NK, Verma PS 1990. Phenolic compounds as regulators of gene expression in 
plant-microbe interactions. MPMI3: 4-8 

Peters NK, Long SR 1988. Rhizobium meliloti nodulation genes inducers and inhibitors. 
Plant Physiol 88: 396-400 

Phillips DA, Kapulnik Y 1995. Plant isoflavonoids, pathogens and symbionts. Trends 
microbiol 3: 58-64 

Poulin MJ, Bel-Rhlid R, Piche Y, Chenevert R 1993. Flavonoids released by carrot 
(Daucus carotal) seedlings stimulate hyphal development of vesicular-arbuscular 



63 

mycocrfaizal fungi in the presence of optical CO2 environment. J Chemical 
Ecology 19:2317-2327 

Ofl&inga R, Hooykaas P 1995. Gene Targeting in Plants. In Manuel A, ed. Gene 
Targeting. Vega. CRC Press Boca Raton/Ann Arbor/ Lodon/ Tokyo, pp 83-121 

Redmond JW, Batley M, Djordjevic MA, Kuempel PL, Rolfe BG 1986. Flavones induce 
expression of nodulation genes in Rhizobium. Nature 323: 632-635 

Roberts K. 1990 Structure at plant cell surface. Current Opinion Cell Biol 2:920-928. 

Rovira AD 1965. Interaction s between plant root and soil microorganisms. Annu Rev 
Microbiol 19: 241-266 

Rovira AD 1991. Rhizosphere research: 85 years of progress and frustration. In DL Keister, 
PB Cregan, eds. The Rhizosphere and Plant Growth. Kluwer Academic Publishers, 
The Netherlands, pp3-13 

Schroth MN, Hildebrand DC 1964. Influence of plant exudates on root-infecting fungi. 
Annu Rev Phytopathol 2: 101-132 

Seymour GB, Lasslett Y, and Tucker GA 1987. Differential effects of pectolytic enzymes 
on tomato polyuronides in vivo and in vitro. Phytochemistry 26: 3137-3139 

Spaink HP 1995. The molecular basis of infection and nodulation by rhizobia: The Ins 
and Outs of Sympathogenesis. Ann Rev Phytopathol 33: 345-68 

Spencer PA, Towers GHN 1989. Virulence-inducing phenolic compounds detected by 
Agrobacterium tumefaciens. In NG Lewis and MG Paice eds. Plant Cell Wall 
Polymer. American Chemical Society Symposium Series, pp 383-398 

Stachel SE, Messens E, van Montagu M, Zambryski P 1985. Identification of the signal 
molecules produced by wounded plant cells that activate T-DNA transfer. Nature 
318:624-629 

Stephenson MB, Hawes MC 1994. Correlation of pectin methylesterase activity in root 
caps of pea with root border cell separation. Plant Physiol 106: 739-745 

Stewart GR, Press MC 1990. The physiology and biochemistry of parasitic angiosperms. 
Ann Rev Plant Physiol Plant Mol Biol 41:127-51 



64 

Tieman DM, Hairiman RW, Ramamohan G, Handa AK 1992. An antisense pectin 
methylesterase gene alters pectin chemistry and soluble solids in tomato &uit. The 
Plant CeU 4:667-679 

van Brussel ANN, Recourt K, Pees E, Spaink H P, Tak T 1990. A biovar-specific signal 
of Rhizobiian leguminosarum bv. viciae induces increased nodulation gene-
inducing activity in root exudate of Vicia saliva subsp. nigra. J Bacteriol 172: 
5394-5401 

van Egeraat WSM 1975. Exudation of ninhydrin-positive compoimds by pea-seedling 
roots: a study of the sits of exudation and of the composition of the exudate. Plant 
and SoU 42: 37-47 

Vamar JE, Lin LS 1989. Plant cell wall architecture. Cell 56: 231-239 

Walton JD 1994. Deconstructing the cell wall. Plant Physiol 104: 1113-1118 

Wingender E 1997. ClassLScation scheme of eukaryotic transcription factors. Mol Biol 
31:483-497. 

Wen F, Zhu Y, and Hawes MC 1999. Expression of a pectinmethylesterase encoding 
gene in pea root tips influences extracellular pH, cell morphology and border cell 
separation. Plant Cell (in press) 

Woo HH, Brigham LA, Hawes MC. 1998. Cloning of genes whose expression is 
correlated with mitosis and localized in dividing cells in root caps of Pisum 
sativum L. Plant Mol Biol 35: 1045-49 

Xie Z-P, Staehelin C, Vierheilig H, Wiemken A, Jabbouri S, Broughton J, Vogeli-lange 

R, Boiler T 1995. Rhizobial nodulation factors stimulate mycorrhizal colonization 

of nodulating and nonnodulating soybeans. Plant Physiol. 108: 1519-1525 

Yamamoto E, Bokelman GH, Lewis NG 1989. Phenylpropanoid metabolism in cell wall. 

In eds. Plant cell wall polymer. American Chemical Society Symposium Series, 

pp 69-87 



65 

Zhao X, Misaghi IJ, Hawes MC 1999. Regulation of border cell production by controlled 

atmosphere (MS thesis). 



66 

n. PRESENT STUDY 

1. Significant results 

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

to this dissertation. The following is a sunmiary of the most important findings m these 

papers. 

Zhu Y, Pierson HI LS, Hawes MC 1997. Induction of Microbial Genes for Pathogenesis 

and Symbiosis by Chemicals firom Root Border Cells. Plant Physiol. (Appendix A) 

(1). Using LacZ reporter strains of soil bacteria, it was shown for the first time that 

separated living root border cells can influence expression of bacterial genes required for 

the establishment of plant-microbe associations. The promoters fix>m genes known to be 

activated by plant factors included v/rE, required for Agrobacterium tumefaciens 

pathogenesis, and the promoters fixjm common nod genes fi-om Rhizobiim leguminosarum 

bv viciae and R. meliloti, required for nodulation of pea and alfalfa are induced by 

chemicals from plant root border cells. 

(2). The pea root border cells cultured in distilled water exhibited mcreased nod gene 

mduction (jni) in response to signals firom R. leguminosanan bv viciae, which mimics the 

behavior of the whole root as reported previously. 
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(3). Nod gene induction by border cells was dosage-dependent and responsive to 

environmental signals. The release of R. leguminosarum bv viciae nod gene inducers from 

border cells of pea and alfalfa species was significantly but inversely affected by 

temperature. 

Wen F, Zhu Y, Hawes MC 1999. Expression of a Pectinmethylesterase-like Gene in Pea 

Root Tips Influences Extracellular pH, Cell Morphology and Border Cell Separation. 

(Appendix B) 

(1). A full length 1799 bp cDNA clone encoding pea root tip expressed PME, rcpmel 

(AF056493), was isolated from an induced root cap cDNA library, using a partial cDNA 

from the conserved 3' half of a PME-encoding gene from French bean {Phaseoliis vulgaris) 

as probe. 

(2). Sequence analysis revealed that an identified open reading frame of 1665 bp 

predicted to encode a 555 amino acid polypeptide with a molecular mass of 61 KDa. 

(3). The proposed translation initiation site (ATCAGTATGGCT) matches well with the 

consensus translation initiation sequence (TAACAATGGCT) for plant genes. The 214 bp 
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3' untranslated region contains two potential polyadenylation sites (AATAAA) and a 

poly(A) tail. 

(4). The deduced amino acid sequence of rcpmel contains both signature 

pectinmethylesterase motif I (xGxYxEx), and motif II (GxxDFIFG), which are conserved 

in bacteria, and fungi to higher plants. 

(5). At high stringency. Southern blot analysis of pea genomic DNA using 5' ftagment of 

rcpmel as a probe revealed fewer bands than were recognized by the 3' half. 

Zhu Y, Wen F, Hawes MC 1999. Characterization of a Genomic Clone Encoding a Pea 

Pectinmethylesterase (PME) Gene and Its Antisense Expression in Transgenic Hairy 

Roots. (Appendix C) 

(1). A genomic clone of the pea pectimnethylesterase gene, rcpmel, was isolated and 

characterized. The sequence includes a 2.8 kb 5' flanking region and the whole coding 

sequences. The coding sequence is broken in the middle by an intron sequence of 84 bp, 

which is consistent with previous results of intron mapping. 
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(2). Primer extension analysis indicated that transcription starts 47 bp upstream of the 

translation start, i.e. 22 bp beyond the 5' end of rcpmel cDNA. 

(3). The 2.8 kb 5' flanking region of rcpmel gene and several 5' deletions were fused to 

f3-glucuronidase (GUS) reporter genes. These constructs were transformed through the 

Agrobacterium rhizogenes mediated hairy root system. 

(4). Several putative cr/^-transcriptional regulatory elements and binding sites for 

transcriptional factors were identified using computer sequence analysis program (GCG-

Findpattems=tfsites.dat). 

(5). As suggested by previous enzymatic assays and predicted from its promoter 

sequence, this gene was strongly expressed in root tips and along the vascular tissues. 

Another major site of expression is hairy root primordia. Deletion of two putative 

vascular specific elements resulted in GUS expression throughout the whole tissue 

without specificity. The strength of the promoter decreased as longer 5' sequences were 

deleted. 

(6). Antisense expression of rcpmel mRNA driven by the 2.75 kb rcpmel promoter 

were examined to investigate the effect of this gene on border cell separation at root tips 

of pea. Transgenic hairy root lines expressing antisense rcpmel mRNA exhibited an 
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altered border cell separation pattern. The phenotypes included incomplete separation of 

root border cells, inhibited root tip and hairy root development and decreased inducing 

activity for nod gene expression from hairy root tips. 

Zhu Y, Zhao X, Hawes MC 1999. Effects of regulated border cell separation processes 

on the induction of Rhizobium leguminosarum bv viciae nod reporter gene by root tip 

exudates and nodulation on pea roots. (Apendix D) 

(1). Pea root tips which were treated to double the numbers of border cells (72 hr of 6% 

of CO2 treatment, 24 hr after dipping the root tip into water) correlated with higher 

inducing activity on R. leguminosarum bv viciae harboring nodABCIJ-lacZ reporter 

gene. Inducing renewed border cell production also caused higher levels of nod gene 

inducing activity. 

(2). With limiting inoculation of R. leguminosarum bv viciae, pea roots with or without 

border cells resulted in a larger number of nodules. 

(3). Transgenic hairy roots expressing antisense rcpmel mRNA showed lower nod gene 

inducing activity, compared to wild type Agrobacterium rhizogenes (RIOOO) 

transformed hairy roots; and the low inducing activity of reporter strain induction 
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correlated with reduced or incomplete separation of border cells from root tips of 

transgenic hairy roots. 

2. Summary and fiiture directions 

This study was designed to test the hypothesis that the expression of a PME gene, 

rcpmel, in root tips of pea plays a key role in border cell separation and consequent 

release of microbial gene inducers. Using an induction assay of LacZ reporter strains of 

Rhizobium leguminosarum bv viciae and other bacteria, inducing activities altered in 

response to physiological or genetic manipulation on the process of border cell 

separation. The results from this study support the hypothesis that border ceils 

themselves and their separation process can significantly influence the biological activity 

of root exudates. Functional analysis of the first candidate gene, pectinmethylesterase 

encoding gene, rcpmel, indicated that PME plays an important role in the process of 

border cell separation. This is the first experiment to genetically change a specific 

endogenous plant gene to manipulate root exudation. This research provided a 

framework for genetically engineering plants to manage rhizosphere interactions to 

improve plant health. Fully understanding the molecular mechanisms of this process will 

potentially benefit the agriculture production in many ways. 
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Future directions include the development of transgenic whole plants that could be used 

to systematically test the role of plant genes in regulating the ecology of rhizosphere. 

Such effects could be mediated by differential chemotaxis, antibiosis, nutrition, and/or 

altered gene expression in soilbome microbe populations. Another area is to transform 

pea with more than one candidate gene, like polygalaturonase (PG) gene, to obtain a 

more complete inhibition of border cell separation, or to more strongly enhance this 

process as needed. 
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Appendix A. 

Zhu YM, Pierson LS, and Hawes MC. 1997. Induction of Microbial genes 

for Pathogenesis and Symbiosis by Chemicals from Root Border Cells. 

Plant Physiol. 115: 1691-1698 
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Induction of Microbial Genes for Pathogenesis and Symbiosis 
by Chemicals from Root Border Cells 1 

Yanmin Zhu, Leland S. Pierson Ill, and Martha C. Hawes* 

Departments of Plant Pathology and Molecular and Cellular Biology, 204 Forbes Building, University of Arizona, 
Tucson, Arizona 85721 

Reporter strains of soil-borne bacteria were used to test the 
hypothesis that chemicals released by root border cells can influ
ence the expression of bacterial genes required for the establish
ment of plant-microbe associations. Promoters from genes known to 
be activated by plant factors included vin, required for Agrobac
terium tumefaciens pathogenesis, and common nod genes from 
Rhizobium leguminosarum bv viciae and Rhizobium meliloti, re
quired for nodulation of pea (Pisum sativum) and alfalfa (Medicago 
satiYum), respectively. Also included was phzB, an autoinducible 
gene encoding the biosynthesis of antibiotics by Pseudomonas au
reofaciens. The vin and- nod genes were activated to different 
degrees, depending on the source of border cells, whereas phzB 
activity remained unaffected. The homologous interaction between 
R. leguminosarum bv viciae and its host, pea, was examined in 
detail. Nod gene induction by border cells was dosage dependent 
and responsive to environmental signals. The highest levels of gene 
induction by pea (but not alfalfa) border cells occurred at low 
temperatures, when little or no bacterial growth was detected. 
Detached border cells cultured in distilled water exhibited in
creased nod gene !nduction (im) in response to signals from -R. 
leguminosarum bv viciae. 

The balance of beneficial and detrimental microorgan
isms that inhabit root systems is crucial to plant health. 
Plant genotype can control the ability of certain microor
ganisms to colonize plant roots, but the mechanism of such 
effects is not understood (Atkinson et al., 1975; Hawes et al., 
1994). One way plants influence microbial growth and gene 
expression is by the programmed release of root "border" 
cells from their root tips (Hawes and Lin, 1990). Plants of 
many species produce thousands of these healthy somatic 
cells, which are released daily into the rhizosphere in re
sponse to endogenous and environmental signals (Hawes 
and Pueppke, 1986). Release of the cells occurs because the 
intercellular connections among cells at the root cap periph
ery are broken, yielding populations of separated cells with 
intact cell walls. We refer to these cells as root border cells to 
emphasize that under natural conditions, they create a phys
ICal and biological interface between the root surface and the 
soil environment (Hawes and Lin, 1990). 

Border cells, which were called "sloughed root cap cells" 
before their distinctive properties were recognized, can 

1 This work was supported by grants from the U.S. Department 
of Agriculture and Pioneer Seeds. 

• Corresponding author; e-mail mhawes@u.arizona.edu; fax 1-
520-621-9290. 
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survive in hydroponic culture (Knudson, 1919) or under 
field conditions (Vermeer and McCully, 1982) and can be 
induced to grow into organized tissue in culture (Hawes 
and Pueppke, 1986; Hawes et al., 1991). By definition, 
border cells are those cells that become dispersed into 
suspension in response to gentle agitation of the root tip in 
water (Hawes and Lin, 1990). As such, they provide a 
convenient in vitro system for studying cellular interac
tions of soil-borne microorganisms with root cells. The 
ability to culture border cells in water or in other simple 
media has been exploited to measure their ability to attract, 
repel, and support the growth of numerous fungal and 
bacterial pathogens (Sherwood, 1987; for review, see 
Hawes and Brigham, 1992; Brigham et al., 1995a). 

Based on their selective interactions with soil-borne mi
croorganisms, we have proposed that border cells control 
the ecology of the rhizosphere by the programmed release 
of biologically active chemicals that regulate growth and 
gene expression in microbial populations (Hawes, 1990; 
Hawes and Brigham, 1992; Hawes eta!. , 1996). It has been 
known for nearly a century that root exudates-the chem
icals released from root systems into the soil-have pro
found effects on microorganisms in the rhizosphere (for 
review, see Curl and Truelove, 1986; Rovira, 1991) . In re
cent years, specific sugars and phenolic compounds from 
plant exudates have been shown to induce microbial genes 
required for pathogenesis and symbiosis (Rossen et al., 
1985; Stachel et a 1., 1985; Shearman et a 1., 1986; Peters and 
Long, 1988), and the cellular sources of such chemicals are 
now being examined (Maxwell and Phillips, 1990; Graham, 
1991; Oommen et al., 1994; McKhann et al., 1997). 

Several groups have used reporter genes to demonstrate 
that the region surrounding the root tip is a primary source 
of chemicals that affect the expression of the nodulation 
(nod) gene of Rhizobium spp. (Firmin et al., 1986; Redmond 
et a!., 1986; Djordjevic et al., 1987; Peters and Long, 1988). 
In those studies a plate assay in which host plants were 
cocultivated overnight at 28°C with Rhizobium strains was 
used (Djordjevic et al., 1987; Peters and Long, 1988). The 
region of intense reporter gene induction at the root tip, 
distal to the region of root hair emergence, corresponds to 
the area where border cells are released (Hawes and 
Brigham, 1992). Within this region, during the 24-h period 
after emergence of the radicle, extracellular chemicals are 
released from at least three sources: (a) secretory cells 

Abbrf'viation : MS, Murashige-Skoog. 
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within the root tip, which synthesize and export a high-
mulecular-weight mucilage (Rougier, I9SI); (b) root border 
cells, which synthesize and export an array of low-
molecular-weight proteins (Brigham et al.. 199%); and (c) 
cell wall polysaccharides and other structural components 
that are degraded during border cell separation. 

The objective of this paper was to use reporter genes to 
test the hypothesis that ^emicals from border cells can 
selectively influence gene expression in soil-bome micro
organisms. Instead of whole roots, bacteria were coculti-
vated with washed border cells, based on the premise that 
any reporter gene activity detected is in response to signals 
releas^ from border cells during the cocultivation period. 
Wc compared the ability of border cclls of pea {Pisum sati
vum), com (Zea mays), and alfolfa {Medicago sativa) to induce 
genes known to play important roles in the establishment of 
plant-microbe relationships. The lacZ gene from Escherichia 
coli was expressed under the control of promoters from the 
virulence gene of Agrobaciaitm tumefiuiens IvirE). the nod-
ulation gene of the Rkiaobium leguminosanm bv vidae operon 
(nodABOJ). the nodulation gene from BJmobium melHott 
{nodO, and the phenazine antibiotic synthesis gene from 
Pseudomonas aureofaciens {phzB). 

vtrE is one of the inducible genes of the /4. tumefaciens vir 
regulon that is regulated in response to sugars and simple 
phenolic compounds (Stachel et aL. 1985; Cangelosi et aL, 
1990). The common nod genes, which encode enzymes 
involved in the biosynthesis of signal molecules required 
for nodulation, are induced in response to specific fla-
vonoid molecules from plant roots (Peteis and Long, 1988; 
Lerouge et aL, 1990; van Brussel et al., 1990). phzB is a gene 
involved in the biosynthesis of phenazine antibiotics that 
play a role in biological control of Caeumannomi/ces gramittis 
var tritici in wheat. The expression of phzB is not known to 
be affected directly by signals from the roots. Instead, 
expression is induced when conditions allow population 
growth to a critical threshold density in response to the 
accumulation of a diffusible signal from P. aureofaciens 
(Pierson et aL, 1994). Conditions affecting the interaction 
between pea, our primary model system for examining 
border cell biology and function, and R. leguminosarum bv 
zn'cuie, a strain that nodulates pea, were studied in detail. 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Pea (Pisum sativum L. cv Little Marvel [Royal Seeds. 
Kansas City. MO]) seeds were surface sterilized bv immer
sion for 10 min in 95% ethanol, followed by 30 min in 
full-strength commercial bleach. Seeds (hen were rinsed in 
distilled water and allowed to soak for 30 min. After swollen 
or discolored seeds were removed, seeds were placed on 
Petri plates containing 15 mL of solidified water agar (1.2%, 
w/v) overlaid with germination paper (Anchor Paper, Hud
son, WI) and incubated at 24°C for 3 to 4 d in darkness. Com 
(Zea mays cv Funk F) and alfalfo (Medicago sativa cv CL'F-IOl) 
seeds were treated by the same procedure except that expo
sure to ethanol and bleach was limited to 5 min. Except in 
the experiments designed to test the effect of border cell age 

on nod gene induction, border cells were collected from 
seedlings with radicles 20 to 25 mm in length approximately 
24 h after the radicle began to emerge from the seed. 

Root border cells were collected as described previously 
(Hawes and Lin. 1990). Root tips were immersed in 100 itL 
of water or MS basal salts (Sigma) medium adjusted to pH 
7.0 with 1 N NaOH. After 1 to 2 min. the root tips were 
agitated gently using a Pasteur pipette to disperse border 
cells. Suspensions of border cells were washed by low-
speed centrifugation and then resuspended in fresh MS 
salts or water. Washing the cells twice was found to be 
sufficient to remove all residual extracellular gene-
indudng activity. This was done to ensure that all gene 
mduction that occurred during cocultivation was exclu
sively in response to signals from border cells. The concen
tration of border cells was determined by direct counts. 
The viability of border cells was measured by microscopic 
observation of c}rtoplasmic streaming or by staining with 
fluorescein diacetate (Hawes and Wheeler, 1982). 

Duplicate experiments were carried out using water or 
MS salts for cocultivatioiw with no difference in results 
with respect to plant cell viability, bacterial cell growth, or 
levels of reporter gene expression. AO values reported 
herein represent results obt^ed using water. 

'Root tip exudate" is defined here as all material that 
could be washed from the tips of roots 25 mm in length, 
excluding border cells, after germination of seeds on 1.2% 
water agar overlaid with germination paper. Root tip exu
date is a cell-free supernatant obtain^ by agitating root 
tips only (03-1 cm) in liquid, using a stream of water from 
a Pasteur pipette to remove all extracellular material from 
the root, and then centrifuging to pellet border cells. Care 
was taken to ensure that no part of the seed touched the 
liquid. Excludirtg chemicals that may have diffused into the 
germination paper and/or the water agar during this pe
riod. root tip exudate includes all material secreted by cells 
of the root tip and by border cells and all chemicals from 
cell walls released as border cells separate from the root 
during germination. 

In most experiments the effects of border cell exudate 
were determined by measuring reporter gene expression in 
bacteria after a period of cocultivation with washed border 
cells. In the experiment measuring the mi response of bor
der cells to Rhizobium leguminosarum bv viciae, washed bor
der cells were incubated in water, with or without coculti
vation with bacteria, for various intervals. The sample was 
centrifuged to pellet border cells and bacteria. The cell-free 
supernatant, v^tich included all chemicals that had been 
released from the border cells into the external medium 
during cocultivation, was then incubated with fresh bacte
ria, and reporter gene expression was measured by stan
dard procedures, as described below. 

Bacterial Strains and Growth Conditions 

Agrobacterium tumefaciens A723 pSM358, containing a 
virE-lacZ. fusion, was grown in MG/L liquid medium sup
plemented with kanamydn and carbenidllin (1(X) fig/mL; 
Stachel et aL. 1985; Cangelosi et aL, 1990). Strain RBL5560 
pMP154, a derivative of R. leguminosarum bv viciae 
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LPR5045, contains the sym plasmid of R. leguminosarum bv 
vidae 248 and al^o pMn54 (derived from IncQ exprissiun 
vector pMP190. Sm', CmO, a fusion gene consisting of lacZ 
expressed under the control of the promoter controlling 
expression of genes in the not/ABCIJ operon of R. fegummo-
sarum bv maae. The Rhizobium strain was grown in liquid 
yeast extract-mannitol (YEM) medium supplemented with 
chloramphenicol (10 fig mL~'; Spaink et al.. 1987; van 
Brussel et al., 1990). Rhizobium meliloti 1021(pRmM57), con
taining the R. meliloti nodC-bcZ fusion, was grown on TY 
medium supplemented with tetracycline (10 ftg mL~^) and 
spectinomydn (50 ftg mL~Yelton et aL. 1987). Pseudomonas 
aureoftciejis strain 30-84Z. which contains a chromosomal 
fusion between die phenazine biosynthetic gene phzB and 
lacZ, was grown in Luria Bertani or AB minimal medium 
(Pierson et aL, 1994). Cultures of all four strains were pre
pared by inoculating a single colony to 100 mL of liquid 
medium and grown to logarithmic phase at 28°C for IS to 
20 h. Bacterial cells were collected by centrifugation and 
washed twice with sterile, distilled water to remove residual 
medium and then resuspended in water or MS salts adjusted 
to pH 7.0. Cell concentration was estimated by measuring 
the (and confirmed by testing samples with direct plate 
counts) and then adjusted to 10^ cells mL~' in assays. 

Growth of Bacteria on Root Tip or Border Cell Exudates 

Growth of bacteria was determined by measuring bacte
rial numbers before and after cocultivation with border 
cells or incubation in root tip exudate. Border cells and root 
tip exudates were collected as described below. 

Quanfitathre Assay of Reporter Gene Activity 

Preparation of Bacteria and Border Cells 

Bacteria were harvested after ovemighl growth to the 
logarithmic phase and were washed twice in water to 
remove the culture medium. Washed bacteria were diluted 
to a concentration of 2 x 10* cells mL~' by turbidimetric 
estimation at and mixed 1:1 with plant cells, for a final 
standard concentration of 10* cells mL~'. Border cells were 
collected from root bps and washed twice in water (a treat
ment found sufficient to remove extracellular inducing ac
tivity). and the numbers were adjusted by direct counts. 
Unless otherwise indicated, plant cell numl^ was adjusted 
to 6.0 X 10^ niL"' (approximately the number of cells from 
20 pea root tips and 2^30 alfalfa root tips) and diluted 1:1 
for cocultivation, for a final concentration of 3.0 x 10* border 
cells mL"'. 

Cocultivation of Bacteria and Border Cells 

Unless otherwise indicated, bacteria and plant cells were 
mixed I: I and incubated for 16 h. Cocultivation was earned 
out in the dark, without shaking, with a total volume of 1.0 
mL. 

Colleaion of Border Cell Exudates 

In one experiment in which the mi activity (van Bru-ssel 
et al., 1990) from border ceils was measured in response to 

bacteria, inducing activity was measured after bacteria 
were incubated fur 16 h with border cell exudates rather 
than with border cells per se. The exudates were collected 
firom border cells after 12 h at lO'C, with or without cocul
tivation virith R. leguminosarum bv viciae. Cells were pelleted 
by centrifugation, and the cell-free supernatant was mixed 
1:1 with bacteria and incubated for 16 h prior to enzyme 
assay. 

P-Calactosidase Assay 

In all experiments values representing ^-galactosidase 
activity levels acciunulated during the cocultivation pe
riod. The 0-galactosidase assay was carried out according 
to standard conditions at pH 7.0 and 28°C. Enzyme activity 
is expressed as Miller units (Miller. 1972). At the end of 
cocultivation, the mixture of plant and bacterial cells was 
pelleted and resuspended in 0.5 mL of Z buffer and the 
A«ao measured. After the sample was vortexed with 20 
(m-L of chloroform and 20 fiL of 0.1% SDS, the enzyme assay 
was started by adding 100 /iL of O-nitrophenyl-^D-
galactoside (Sigma) at 4 mg mL~'. The assay was allowed 
to proceed for 5 min for R. leguminosarum bv viciae and P. 
aurea/aciens and 30 min for R. meliloti and A. tumefaciens. 
The reaction was stopped by adding 250 fiL of 1 m NajCO,. 

After cell debris was p^eted, the wjis measured 
and Miller units were calculated by the following formula: 
(A«2o ^ 10(X))/(j4^ X time of reaction in min). Controls for 
each experiment included bacteria without border cells and 
border cells without bacteria. Border cells never contrib
uted significantly to the absorbance and never exhibited 
measurable 0-galactosidase activity under the conditions 
tested. Control values for bacteria without border cells 
constitute the background level of 0-galactosidase activity; 
these values were 79 s 5, 295 i 14, 250 = 85, and 27 • 6, 
resfMfctively, for A. tumefaciens, P. aureo/aciens, R. legumino
sarum bv viciae, and R. meliloti. Each sample was tested in 
duplicate, and all experiments were repeated at least twice. 

RESULTS 

Species-Dependent Variation in Induction of Reporter 
Gene Expression by Chemicals from Border Cells of Com, 
Pea, and Alfalfa 

Conditions of the plate assay used in previous studies 
(Firmun et al., 1986; Redmond et al., 1986; Djordjevic et al., 
1987; Peters and Long, 1988)—incubation of plant roots 
with bacteria overnight at 28°C—were duplicated, but in 
the current study the only source of chemicals was border 
ceils. A quantitative assay was used to measure enzyme 
activity reflecting the level of the reporter gene product 
present at the end of the cocultivation period. Under these 
conditions, little or no correlation between gene induction 
and host range was observed. A very small increase in the 
expression of A. lum^aciats virE was detected in response 
to border cells from pea, the roots of which are highly 
su.<iceptible to infection by A. tumefaciens (Robbs et al., 
1991). 
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A similar increase in expression occurred in response to 
border cells from com, a nonhost species. Indu cing activity 
was not significantly different between the two plant spe
cies (Fig. lA). Border cells of corn, the roots of which are 
also refractory to infection by rhizobia, nevertheless caused 
a slight increase in R. leguminosarum bv viciae nod gene 
expression (Fig. 1 B). The same reporter gene was induced 
2-fold by border cells from its host, pea, and was induced 
5-fold by border cells from alfalfa, a nonhost species (Fig. 
1B). In fact, at 28°C the only response that was directly 
correlated with host range was the expression of the R. 
meliloti nod gene, the activity of which was more than 2-fold 
higher in response to cocultivation with border cells from 
its host, alfalfa, than in response to nonhost pea border 
cells (Fig. lC). P. aureofaciens was grown to a cell density at 
which gene expression is initiated linearly in response to 
density-dependent autoregulation (Pierson et al., 1994). 
Cocultivation with border cells did not stimulate any in
crease in gene expression beyond this background level 
(Fig. 1D). 

Increase in Bacterial Numbers in Response to Border 
Cell Exudate 

Differences in reporter gene induction were not corre
lated with growth of the bacteria. Border cells stimulated 
similar small increases in numbers of all of the test strains 
from 25 to 43% (Table I); the values were not significantly 
different from each other. Responses of bacteria to incuba
tion in root tip exudate were similar; all four bacterial 
species increased by 18 to 40% (Table I) . No increase in the 
number of cells occurred when bacteria were incubated in 
water or MS salts alone (data not shown). 
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Figure 1. Induc ibil ity of reporter genes in response to chemicals 
fro m root border cells from pea, alfalfa, and corn. A, A. tumefaciens 
virE gene. B, R. leguminosarum bv viciae nodABCI) . C, R. meliloti 
nodC. D, phzB gene from P. aureofaciens. Border cells (30,000 
m L- 1

) were cocu ltivated at 2 8°( with bacteria ( 1 08 ml - 1
) for 1 6 h. 

Enzyme act ivi ty in bacteria was then assayed at 28°( as descr ibed in 
"MiiiPr ials and Methncls." Vr~ l uPs rt rP mPrtm r~ncl 'iF ~ from riurl ir.ate 
sa mples in at least two independent experiments. 

Developmental and Environmental Factors Affecting 
R. leguminosarum bv viciae Nod Gene Expression during 
Cocultivation with Border Cells of Pea 

Root Tip Exudate versus Border Cell Exudate 

The gene-inducing activities resulting from incubation 
with root tip exudate, included as a control in all experi
ments, or with border cells were virtually the same. In 
three representative samples (containing material from 10 
pea root tips in 1 mL), enzyme activities were 760, 814, and 
918 units for root tip exudates and 754, 800, and 897 units, 
respectively, for border cell exudate. 

Time Course 

Experiments were conducted to determine how quickly 
border cells in isolation can release measurable amounts of 
extracellular nod-inducing chemicals. When washed border 
cells were cocultivated with R. leguminosarum bv viciae, 
induction of nod gene expression was detected within 4 h, 
and activity increased over a 24-h period (Table II). Higher 
levels of activity occurred with larger numbers of border 
cells. 

Age of Border Cells 

Each pea root is programmed to produce a set number of 
border cells by the time it is about 25 mm in length . Cells 
begin to separate when the root is 5 mm in length (5 h after 
emergence) and continue to increase in numbers for about 
25 h . Cell separation then ceases and the tota l number of 
border cells per root remains at this level unl es~ the border 
cells are removed (Hawes and Lin, 1990; Stephenson and 
Hawes, 1994; Brigham et al., 1995a). Thus, the set of border 
cells that is made within 24 h remains on the root indefi
nitely under conditions in which the cells are not removed . 

To determine whether the age of border cells during a 
48-h period after separation affects their ability to release 
chemicals that induceR. leguminosarum bv uicia~ nod genes, 
seedl ings were maintained on water agar overlaid with 
germination paper for several days, and border cells were 
collected from roots 1 to 2, 2 to 3, and 3 to 4 em in length. 
This corresponds to 24, 40, and 48 h after emergence of the 
radicle, with populations in which individual border cells 
range in age from about 20 to 43 h. The border cells were 
cocultivated with bacteria for 12 h, and units of reporter 
gene expression were determined . The values for the dif
ferent samples, 450 ± 40, 450 ± 55, and 448 ± 37 Miller 
units, respectively, did not differ significantly from one 
another . The results indicate that short-term differences in 
the age of the border cells did not influence their ability to 
release rwd gene-inducing chemicals. 

Temperature 

Expression of the R. leguminosarum bv viciae nod gene in 
the presence of pea border cells was detected at tempera
tures from 4 to 37°C (Fig . 2A) . Nearly 4-fold more activity 
was p resent after cocultivation at 16 than at 28°C. The 
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Table I. Growth of bacteria in response to root tip or border cell exudates as the sole nutrient source 

Root tip exudates were obtained as described in "Materials and Methods." Bacter ia were cocultivated with border ce l ls or root tip exudates. 
At the end of cocultivat ion, the concentrat ion was estimated by turbidimetri c measurements, which were confirmed by direct counts. Values are 
means ::: sos from dup licate samples in at least two independent experiments. 

Increase in Bacteria l Nos. 

Strain Root tip exudate Border cell exurlate 

P. aureofaciens 
R. leguminosarum bv viciae 
A. tumefaciens 
R. meliloti 

0 h 

X 108 1.19 
X 108 1.40 
X 108 1.26 
X 108 1.18 

effect of temperature on nod gene expression was not cor
related with effects of temperature on viability of border 
cells and on the growth of R. leguminosarum bv viciae under 
the test conditions. Survival of border cells was inversely 
proportional to temperature (Fig. 28), whereas the number 
of bacteria present after cocultivation was directly propor
tional to temperature (Fig. 2e) . Thus, at 4 and woe, no loss 
in border cell viability occurred during the test period (Fig. 
28), but all cells died when incubated at 37°C. Little or no 
increase in bacterial numbers occurred at 10 and l6°C, 
when nod gene expression was highest, but bacterial num
bers more than doubled when cocultivation was at 28 or 
37°C, when nod gene expression was very low. Subsequent 
experiments with pea border cells were carried out at woe, 
which yielded the highest nod gene induction, with no loss 
of border cell viability and no increase in bacterial numbers. 

The effect of temperature on the ability of border cells 
from two different legume species, pea and alfalfa, to in
duce R. leguminosarum bv viciae nod gene expression was 
compared (Fig. 3). The release of nud gene inducers from 
border cells of both species was significantly but inversely 
affected by temperature. Thus, at 28°e, border-cell
inducing activity was 1.55-fold higher in alfalfa than at 
10°C, whereas activity from pea border cells was 2.18-fold 
higher at 10 than at 28°C. At 28°e, inducing activity was 
not correlated with host range. Border cells from the non
host species, alfalfa, caused a 2.8-fold higher induction of 
nod gene expression than those of the host species, pea. At 
10°e, in contrast, the situation was reversed : R. legumino
sarum bv viciae nod gene expression in response to pea 
border ce!Js was 1.24-fold higher than that of alfalfa. 

Table II. R. leguminosarum bv l'iciae nod gene expression during 
cocultivation with pea border cells 

Pea border cel ls were washed twice and then cocultivated at 28°( 
wi th bacteria (1 08 ml - l ) for the indicated times. The level of reporter 
gene expression in the bacteria was then measured at 28°( for 5 min 
as described in "Materials and Methods." Values are means::!: sos from 
duplicate samples in four independent experiments . 

No. of Border Coc ultivation Time 

Ct-lls per Milliliter 0 h 4 h 16 h 24 h 

units of activity 

0 286::!: 21 292 ::!: 38 274::!: 18 279::: 36 
15,000 289::!: 60 342 :!: 16 464 ::: 22 504::: 23 
30,000 297 ::!: 10 369 ::: 21 579 :!: 87 624 :!: 87 

16 h 0 h 16 h 

X 108 
::: 0.13 X 108 1.31 X 108 ::: 0.06 

X 108 ::!: 0.24 X 108 1 .43 X 108 ::: 0 .26 
X 108 ::!: 0.15 X 108 1 .34 X 108 ::!: 0 .06 
X 1Qll::!: 0.14 X 108 1.25 X 108 ::: 0.18 

Dosage Response 

In response to increasing numbers of border cells, higher 
levels of reporter gene activity occurred (Fig. 4) . When 
border cells were diluted to fewer than 2000 mL - l (less 
than half the number produced by a single root), no sig
nificant {3-galactosidase activity was detected (Fig. 4), sug
gesting that a threshold concentration of border cells may 
be required for the production and/or release of nod gene
inducing chemicals. 

ini Activity in Response to Cocultivation with 
R. leguminosarum bv viciae 

vVhole roots of host legumes incubated with R. legumino
sarum bv viciae exhibit ini activity as a result of stimulated 

I 

B 

·· · · ·· · · ··~···· · · .. .. .. ~ --- -· . ·· ···-
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Figure 2. A, The effect of cocultivation temperature on the amount of 
reporter gene expression by R. leguminosarum bv viciae in response 
to border cells. B, The effect of cocultivation temperature on border 
cell viability . C, The effect of cocultivation temperature on bacterial 
numbers. Border cells (30,000 ml - 1

) were cocult ivated at the indi
cated temperatures with bacteria (108 ml - 1

) for 16 h. Enzyme ac
tivit y in bacteria was then assayed for 5 min at 28°(, as described in 
" Materials and Methods.h Values are means and SES from dupl icate 
samples in four independent experiments . 



81 

1696 Zhu et al . Plant Physiol. Vol. 115, 1997 

1o40C 

:1:: 
5800 

~ 1100 +--------a 

bacteria pea alfalfa 

Figure 3. The effect of cocultivation temperature on R. leguminosa
rum bv viciae nod gene expression in response to border cells from 
pea and alfalfa . Border cells from both species were adjusted to 
30,000 ml - 1 and cocultivated for 16 h with bacteria (1 08 ml - 1

) at 
1 ooc (gray bars) and 28°C (black bars). Reporter gene expression in 
washed bacteria was measured as described in "Materials and Meth
ods." Values are means and SEs from duplicate samples in two 
independent experiments. 

production of nod gene-activating flavanones and chal
cones (van Brussel et al., 1990; Recourt et al., 1991), and this 
response is correlated with the induction of plant genes 
required for their production (McKhann et al., 1997). To 
determine whether border cells exhibit a similar response 
to R. leguminosarum bv viciae, border cells were incubated 
for 12 h with or without bacteria. Exudate from border cells 
incubated in the absence of bacteria yielded significantly 
less nod gene-inducing activity than exudate from border 
cells cocultivated with bacteria (Table III). This increase in 
nod gene expression occurred under conditions in which no 
increase in bacterial numbers and no loss in viability of 
border cells was detected. 

DISCUSSION 

Root border cells constitute a uniquely differentiated and 
largely ignored part of the root system of many higher 
plants (Hawes et al., 1996). It is now clear that border cells 
survive and function independently of the root and that 
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Figure 4. Dosage effect of border cells on nod gene expression in R. 
leguminosarum bv viciae. Washed border cells from 10 roots were 
serially diluted and cocultivated at 10°C with bacteria (108 ml - 1

) for 
16 h. Values are means and SEs from duplicate samples in at least two 
independent experiments . Gray bars, Bacteria; black bars, bacteria 
and pea . 

Table Ill. ini by border cells in response to cocultivation with R. 
leguminosarum bv viciae 

Border cells (15,000 ml - 1
) were incubated in water at 1 ooe, with 

or without R. leguminosarum bv viciae(108 ml - 1
), for 12 hand then 

centr ifuged. The ce ll-free supernatant was then added to fresh R. 
feguminosarum bv ~~iciae (1 06 ml - 1 

), incubated at 1 0°C for 16 h, and 
then assayed as described in "Materials and Methods." Cell-free 
supernatant from R. leguminosarum bv viciae was obtained from 
overnight cultivation in water without border cells as a control. 
Values are means ::: sos from duplicate samples in two independent 
experiments . 

Supernatant Source 

R. leguminosarum bv viciae 
Border cells 
Border cells cocultivated 

with R. leguminosarum 
bv viciae 

• 1\!A, Not applicable. 

Units of 
Activity 

250:!:: 36 
336 :!:: 42 
580:!:: 80 

Border Cell 
Viability 

NN 
95:!:: 4% 
95:!:: 4% 

they exhibit phenotypes that are distinct even from their 
immediate progenitor cells at the periphery of the root cap 
(for review, see Hawes and Brigham, 1992). Border cells 
exhibit properties that potentially allow them to exert large 
and rapid effects on rhizosphere populations (Hawes et al., 
1996). In vitro, for example, border cells can drastically and 
specifically alter the distribution of fungal zoospores on the 
root within minutes (Goldberg et al., 1989). Such effects 
presumably are conditioned by specific gene expression 
patterns now known to occur in border cells (Brigham et 
al., 1995b). As soon as root cap cells differentiate into 
border cells, a massive switch in transcription occurs, fol
lowed by the synthesis of an array of low-molecular-weight 
proteins that are exported almost immediately into the 
external environment. The functions of these extracellular 
border cell proteins remain to be determined . 

In this study we report that border cells cultured in water 
release extracellular signals that induce microbial gene ex
pression and that environmental conditions influence the 
levels of such activity. The approach was to use as markers 
microbial reporter genes with expression in response to 
specific signals that have already been shown to play im
portant roles in plant-microbe recognition . Although root 
exudates are known to contain metabolites that influence 
the expression of microbial genes, the cellular sources of 
such signals have not been delineated . 

The term "root exudates" can refer to anything that can 
be washed from roots, and terms and conditions have 
seldom been standardized or described sufficiently to al
low comparisons among studies (Rovira, 1991 ). One obser
vation that has been consistent among independent labo
ratories is that the root tip is rich in chemicals that 
specifically influence reporter gene expression (Firmin et 
al., 1986; Redmond et al., 1986; Djordjevic et a!., 1987; 
Peters and Long, 1988). Because this region of intense 
activity corresponds with some precision to the region 
where border cells are released, it was of mteres: to test the 
hypothesis that border cells constitute one n .·llular ~ource 
of signals that induce microbial gene expression . The bioi-
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ogy of border cells, which by defiitition are populations of 
detached, developmentaily uniform cells, provides a unique 
opportuiuty to measure the contribution of one root "tissue" 
to gene expression in root-associated microorganisms. 

The ability of border ceDs to induce gene expression was 
selective. Little or no vir gene or phz gene induction oc
curred in response to cocultivation with border ceDs of 
com, pea, or alfalfa. In contrast, border cells of both le
gumes caused a substantial increase in the expression of 
nod genes of R. meliloti as well as R. leguminosanim bv viciae. 
The foct that border cells can influence expression of some 
genes but not others highlights the selective impact that the 
cells potentially can exert in fostering colonization by di
verse microorganisms. 

The release of nod gene-activating signals by legume 
border cells was responsive to envirorunental stimuli. Per
haps most interesting were the distinct effects of temper
ature on the release of nod gene-indudng signals from 
border cells of pea and alfalia. At 28''C, the level of 
extracellular nod gene iiwlucers released from border cells 
of alfalfa was 135-fold higher than at 10°C, whereas in pea 
the cffect was reversed: 2.1S-fold more extracellular activ
ity occurred at 10 than at 28°C. Whether the levels of gene 
iiiduction were correlated with host range therefore de
pended on temperature of cocultivation. Thus, at 10°C R. 
legumitwsarum bv vidae nod gene expression was higher in 
response to border cells of its host, pea, than in response to 
boiler cells of the nonhost species, alfaUa, but at 28°C 
induction by alhlta was higher. 

The induction of JJ. meliloti nod gene expression in re
sponse to coculti\'ation at 2S'C with border cells of its host, 
alfalfa, was also higher than induction by border cells of 
the nonhost species, pea. The divergent effects of temper
ature on the release of nod gene inducers from border cells 
of pea and alfalfa may correlate with the growth habits of 
the two species. Alfolfe (CUFlOl) grows in the desert 
southwest, where soil temperatures routinely exceed 30®C, 
whereas pea is a cool-weaAer species and its roots undergo 
heat sho^ at 28°C (Vierling, 1991). Little is understood 
about the actual habitats of soU-bome bacteria such as 
rhizobia under natural conditions, and assays are fre
quently designed based on laboratory conditions most con
ducive to rapid growth in pure culture. 

In the current study, nod gene activation during co-
cultivation was independent of large increases in bacterial 
growth. In fact, the highest inducing activity from pea 
border cells occurred under low-temperature conditions, 
when no bacterial growth occurred at all, and the lowest 
levels occurred at 28 and 37°C, when bacterial growth was 
highest. The results indicate that the characteristics of the 
plant species should be considered in designing assays to 
examine nod getw expression in response to plant signals 
and that host range correlations obtained using in vitro 
assays at a single temperatiue should be interpreted with 
cautioii. 

Flavonoid signals that induce nod genes are synthesized 
in plants via the phenylpropanoid pathway. Although 
rapid progress is b^g made in characterizing the genes 
involved in their synthesis (Dixon and Paiva, 1995; 
McKhann et al., 1997), the mechanisms by which such 

signals are released extracellularly to influence microbial 
gene expression are not known. Rhizobia are one source 
of signaJs that stimulate increased levels of extracellular 
nod gene-inducing signals from plant roots in a phenom
enon described as the ini response (van Brussel et al., 
1990). The mi response is correlated with an increased 
expression of flavonoid biosynthetic genes in specific root 
tissues (McKhann et al., 199^ and may occur in response 
to specific signals from nod genes (van Brussel et aL, 1990; 
Recourt et al., 1991). Our results reveal that detached 
border cells, in the absence of exogenous nutrients, con
stitute one defined cell type that can respond to signals 
from rhizobia by an increase in extracellular chemicals 
that stimulate gene induction. 

At this time, the absolute level of gene-iitdudng chemi
cals required to initiate a pathogenic or symbioHc relation
ship under luitural conditions is unknown. Therefore, it is 
not possible to judge how significant the relative contribu
tion of border cells to microbial gene induction may be 
based on the values observed in this study. Under soil 
conditions in which &ee water can vary drastically milli
meter by millimeter, the actual concentration of chemicals 
could be much higher or lower than that released by 30,(XX) 
border cells into 1 mL of water. Under the conditions used, 
however, the levels of inducing activity from border cells 
during a 16-h period of cocultivation were very similar to 
vedues obtained in other studies in which whole-root exu
dates were used (Rossen et aL, 1985; Shearman et al., 1986; 
Coronado et aL, 1995; McKhaim et al., 1997). 

In addition, the amount of activity from pea border cells 
was virtually identical to the total inducing activity re
leased from whole pea root tips during a 36- to 48-h period 
of genniiution. Even allowing for loss of some root tip 
exudate by diffusion into the agar or absorption into paper, 
the amoimt from border cells alone could easily account for 
a significant part of the intense repiorter gene activity that 
occurs at root tips of legumes (Firmin et al.. 1986; Redmond 
et aL. 1986; Djordjevic et al., 1987; Peters and Long, 1988). 

The fact that the age of border cells during a 2-d period 
had no measurable impact on their ability to induce nod 
gene expression means that a given population of border 
cells can influence microbial gene expression selectively for 
a day or more after thi^ separate from the root tip. Because 
extracellular chemicals that induce nod genes may be im
portant limiting factors in nodulation (Kapulnik et al., 
1987). the ability of border cells to release such chemicals 
into the rhizosphere makes them a potentially important 
partner in the Rftizofrram-legume interactioii. In futtue stud
ies, this hypothesis can be tested directly using transgenic 
roots in which the production of border cells has been 
genetically altered (Hawes et al.. 1996). 
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Summary 

Expression of an inducible gene with sequences common to PME encoding genes 

was found to be tightly correlated, both spatially and temporally, with border cell 

separation from pea root caps. Partial inhibition of the gene's expression by 

antisense mRNA in transgenic pea hairy roots prevented the normal separation of 

root border cells from the root tip into the external environment. This phenotype 

was correlated with an increase in extracellular pH, reduced root elongation, and 

altered cellular morphology. The translation product of the gene exhibited PME 

activity in vitro. These results are consistent with the long-standing hypothesis that 

the demethylation of pectin by PME plays a role in cell wall metabolism. 
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INTRODUCTION 

Between the plant cytoplasm and its external enviioimient lies a complex carbohydrate-

based cell wall, a dynamic interface that participates directly in cellular responses to 

exogenous stimuli (reviewed in Albersheim et al., 1994; de Lorenzo et al., 1994). In 

addition to a direct role in perceiving and responding to incoming signals, the cell wall is a 

repository of oligosaccharides whose activity can alter the metabolism of the plant cell it 

encloses, as well as that of other organisms that find their way into proximity with the cell. 

These sugar-based signal molecules are released fix>m cell wall polymers by the action of 

enzymes that can come fix)m fungi, bacteria or other organisms in the envirormient, or from 

the plant itself. The role of specific plant cell wall degrading enzymes in cell wall 

metabolism during growth and development remains unclear (reviewed in Carpita et al., 

1996). 

Plant enzymes that degrade pectin, or methylated polygalacturonic acid (PGA), are 

of special interest because this polymer is a major constituent of cell walls and because such 

pectolytic enzymes can solubilize cell walls (Collmer and Keen, 1986; Koutojansky, 1987). 

For example, genes encoding certain polygalacturonases (PGs) or pectate lyases (PLs) 

individually allow soft rot pathogens to macerate potato tuber tissue and to infect plants 

systemically (Collmer and Keen, 1986). Pectiimiethylesterase (PME), though it does not by 

itself solubilize cell walls, has been postulated to regulate cell wall degradation by several 

mechanisms (e.g. Goldberg et al., 1992). The action of PME reduces pH by the release of a 
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proton when methoxyl groups of pectin are converted to carboxyl groups. This change in 

pH has been proposed to control the activity of other cell wall degrading enemies which are 

optimally active at low pH, and thereby to facilitate cell expansion and growth (Nari et al., 

1986), and/or cell separation (Koutojansky, 1987). Demethylation by PME can alter the 

sensitivity of polymers to the action of hydrolases (e.g. Fischer and Bennett, 1991; Liu and 

Berry, 1991) and expansins (Carpita et al., 1996). Small pectic firagments released by the 

action of such hydrolases act as signals to induce expression of other pectolytic enzymes 

and the degree of methylation of such firagments, dictated by PME activity, may affect their 

specificity in inducing expression of genes encoding distinct pectic isozymes (McMillan et 

al., 1994). By its action, PME may regulate which enzymes are synthesized within a 

particular cellular environment. Finally, the generation of fixed COO' charges accessible to 

neutralization by Ca"^ results in one of the major consequences of PME action on plant cell 

wall structure: The formation of CaT bridges is responsible for the 'gelling' action which 

probably plays a crucial role in the normal structural properties of the cell wall and middle 

lamella. 

PME is an enzyme which is present in all plant tissues and in all species that have 

been examined (Rombouts and Pilnik, 1980), as would be predicted for a gene that plays a 

key multidimensional role in cell wall metabolism, and PME genes have been identified in 

several plant species (Albani, 1991; Recourt, 1992; Hall et al., 1994; Mu et al.. 1994; Qiu 

and Erickson, 1995; Bordenave et al., 1996; Glover et al., 1996; Richard et al., 1996; Gaffe 

et al., 1997). Surprisingly, plants whose PME activities have been inhibited using antisense 
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mRNA exhibit relatively subtle changes in phenotype (Tieman et al., 1992; Hall et al., 

1993; Gaffe et al., 1997). For example, inhibition of fruit specific PME expression affects 

fruit tissue integrity during senescence but does not affect growth and development of the 

plant or of tomato fruit (Tieman and Handa, 1994). 

Root border cells provide a convenient model system to examine the role of cell 

wall degrading enzymes in cell function and development (Stephenson and Hawes, 1994; 

Brigham et al., 1995a; Hawes et al., 1998). Each day, plants of many species release 

thousands of healthy somatic cells, with unique patterns of protein and gene expression, 

from the root tip into the external environment (Brigham et al., 1995). We refer to these 

cells, formerly called 'sloughed root cap cells,' as root border cells to emphasize that they 

are not part of the root cap, and that as a population they form a physical and biological 

interface or 'border' between the root and the soil (Hawes and Brigham, 1992). Border 

cells of pea, our primary model system, begin to separate from the root tip when emerging 

roots are 5 mm in length, and cell number increases until the root is ca 25 mm long and ca 

4000 cells have accumulated at the root periphery (Hawes and Lin, 1990). At this point, cell 

separation and root cap turnover cease as long as the existing cells are not removed. When 

the accumulated cells are removed, by gentle agitation of root tips in water, renewed border 

cell separation is induced. Roots so treated are referred to herein as "induced" roots. 

Within one hour, new cells can be collected from the tips of such induced roots, and a 

complete new set of ca 4000 cells separates from the cap within 24 hours of removing the 

original set of border cells (Hawes and Lin, 1990). We have exploited this system to 
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identiiy a gene with 'signature' sequences common to PME-encoding genes, v^ose 

expression in peripheral cells of the root cap is correlated with border cell separation. In 

this paper, we report the isolation of a PME encoding gene, and demonstrate that its 

expression is required for three phenotypes: Maintenance of extracellular pH, elongation of 

cells within the root tip, and cell wall degradation leading to border cell separation. 

RESULTS 

An Inducible Root Cap cDNA Clone Has Features Common to PME Genes 

A full length cDNA clone was isolated from an induced root cap cDNA library using a 

partial cDNA from the conserved 3' half of a PME encoding gene from French bean 

{Phaseolus vulgaris) as probe (Recourt et al., 1992). The sequence of the 1799bp insert 

(rcpmel) in pRCPMEl contained a putative 20 bp 5' untranslated leader sequence, 

followed by an open reading frame of 1665 bp that could encode a 555 amino acid 

polypeptide with a molecular mass of 61 KDa (Figure lA). The proposed translation 

initiation site (ATCAGTATGGCT) matches well with the consensus translation initiation 

sequence (TAACAATGGCT) for plant genes (Joshi, 1987). The 214 bp 3' untranslated 

region contains two potential polyadenylation sites (AATAAA) and a poly(A) tail (Figure 

lA) (Murphy and Thompson, 1988). The deduced amino acid sequence of rcpmel 

contains the signature pectirunethylesterase motif I (xGxYxEx), and motif II 
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(GxxDFffG) (Figure 1 A) (Markovic and Jomvail, 1992). The conserved tyrosine in motif 

I may play a role in the catalytic mechanism. Motif n corresponds to the best conserved 

region, an octapeptide located in the central part of these enzymes (Markovic and 

Jomvail, 1992). These properties are consistent with the hypothesis that the cDNA 

encodes a root cap expressed PME, w^ch we therefore designated rcpmel (AF 056493). 

The deduced amino acid sequence of a partial cDNA, PsPEl, representing the 3' half of 

rcpmel exhibits 80% homology with the deduced amino acid sequence of the conserved 3' 

half of genes encoding PMEs fix)m tomato and other organisms (Figure IB). PsPEl was 

used to detect homologous sequences 'mArabidopsis, maize, and alfalfa (Figure IC). 

The 5' half of rcpmel shares little homology with other PME genes (Figure IB). 

A cDNA, PsPE2, representing the 5' half of rcpmel therefore can be used to detect only the 

smaller subfamily of pea PMEs represented by rcpmel. At high stringency. Southern blot 

analysis of pea genomic DNA using PsPE2 as a probe revealed fewer bands than were 

recognized by PsPEl (Figure ID). 

Expression of rcpmel in the Root Cap Is Correlated with Border Cell Separation 

Steady state levels of rcpmel transcript are tightly correlated with border cell separation 

during two distinct phases of border cell development: (1) Germination. The transcription 

of rcpmel was high as the root emerged and border cell separation was initiated, and then 

declined gradually as cell separation proceeded. Once the maximum number of border 

cells had separated, in roots 25 mm in length or longer, rcpmel mRNA levels were barely 
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detectable by Northern blot analysis (Figure 2). (2) Induced border cell separation: Within 

5 minutes of inducing renewed border cell separation by removal of existing cells, an 

increase in rcpmel mRNA was detectable and levels increased to a maximum within 2 hr 

(Figure 3A). Twenty four hours after induction, when the maximum number of border 

cells had separated (Figure 3B), rcpmel transcription decreased to a low constitutive level. 

The same pattem of inducible expression was detected whether PsPEl or PsPE2 (data not 

shown) was used as a probe. 

Rcpmel Expression Is Localized in Peripheral Cells of the Root Cap 

In situ tissue print Northern blot analysis was used to localize expression of rcpmel within 

the root tip (Figure 4). No reaction was detectable in uninduced root tips (Figure 4A), but a 

positive reaction was detected in the peripheral cells of induced root tips, along the 

peripheral surface expanse from which border cells are released (Figure 4B). A similar 

pattem of expression was detected using whole mount in situ hybridization (Brigham et al., 

1998). 

Expression of Glucuronidase in Root Caps of Pea Hairy Roots under the Control of 

the Cauliflower Mosaic Virus (CaMV) 35S Promoter Is Transitory 

Transgenic pea hairy roots were used to analyze the function of rcpmel in root 

development and border cell separation. This was accomplished by expressing 1744 bp of 

rcpmel antisense or sense mRNA under the control of the CaMV 35S promoter in hairy 
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roots, and then examining the morphology of the root tip during development. Pea is 

highly susceptible to transformation with Agrobacterium rhizogenes (Hawes et al., 1989; 

Robbs et al., 1991), and border cell development and expression of reporter genes in hairy 

roots are indistinguishable fix>m that which occurs in whole plants (NicoU et al., 1995). 

The expression of uidA, the E. coli gene encoding glucuronidase (GUS), was used as a 

reporter gene to characterize the spatial and temporal pattern of expression of the CaMV 

35S promoter in pea hairy roots. The results revealed that CaMV l5S-uidA expression 

occurs in emerging root caps of hairy roots (Figure 5A), but that expression within the 

root cap is greatly reduced later in development: Two or more weeks after emergence of 

a given root, strong expression continued to be detected throughout most of the root 

(Figure 5B, arrow), but not in the root cap, and this pattern remained stable for at least 

eight months in culture. 

Inhibition of rcpmel Expression in Pea Hairy Roots by Antisense mRNA Under the 

Control of the CaMV 35S Promoter Also Is Transitory 

When rcpmel antisense mRNA was expressed under the control of the CaMV 35S 

promoter, inhibition of rcpmel expression in hairy roots was confined to the same early 

developmental window as CaMV "iSS-uidA. For the first week to ten days in culture, 

expression of rcpmel was reduced by more than 80% compared with control hairy roots 

(Figure 5C). A similar reduction in rcpmel expression occurred in response to sense 

mRNA expression, presimiably as a result of co-suppression (Jorgensen, 1995). After 
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two weeks in culture, however, rcpmeJ mRNA expression in hairy roots expressing 

rcpmel sense or antisense mRNA was indistinguishable fix)m that which occurred in 

controls (Figure 5C). This transient inhibition of mRNA expression coincided with the 

transient expression of CaMV 35S-uidA during development: At the same time that 

CaMV ISS-uidA expression in the cap ceased to be detectable by histochemical assays, 

CaMV 35S-rcpmel antisense mRNA no longer inhibited endogenous rcpmel 

expression. 

Inhibition of rcpmel Expression in Peripiieral Root Cap Cells Is Correlated with 

An Increase in Extracellular pH 

In previous studies, an assay based on fluoresein uptake was used to demonstrate that 

cell wall bound PME enz3ane activity is correlated with changes in extracellular pH in 

root cap cells of whole plants (Stephenson and Hawes, 1994). Fluorescein uptake into 

root cells occurs when extracellular pH is below 5.5. Once inside the cell, the molecule 

is chemically modified, which results in a bright yellow fluorescence. Fluorescein is not 

taken into cells when the extracellular pH is above 6.0, so roots remain dark green 

(Dorhout and KollQfFel, 1992). During germination, extracellular pH in caps of 

emerging roots is above 6.0 and PME activity is high. As PME activity continues, a 

gradual decrease in pH occurs. Once roots reach 25 mm in length 2-3 days after 



95 

emergence, and have a fiill complement of border cells, the extracellular pH in root caps 

is reduced below 5.5, and remains at this level as long as border cells are not removed. 

If rcpmel plays a role in this change in extracellular pH which occurs normally 

during border cell development, then inhibition of its expression in transgenic hairy 

roots would be predicted to result in root caps whose extracellular pH does not fluctuate 

during border cell development but instead remains at a higher level. The fluorescein 

uptake assay was used to test the possibility that extracellular pH in roots expressing 

rcpmel antisense mRNA is constitutively three days after emergence), fluorescein was 

taken up into cells, revealing that extracellular pH was below 5.5: Treatment with 

fluorescein resulted in a bright yellow fluorescence in peripheral root cap cells where 

rcpmel expression occurs, and extending internally into the root cap (Figure 5D). Hairy 

roots of the same age as controls (three days after emergence) but expressing rcpmel 

antisense mRNA remained dark green, indicating that the fluorescein was not taken into 

cells because extracellular pH throughout the root tip was above 6.0 (Figiu« 5E). Efforts 

to reverse the pH effects by exogenously applied buffers were unsuccessful because 

hairy root growth was inhibited by gross changes in pH of the growth mediiun (data not 

shown). 

Root Growth is Stunted and Cell Shape Is Altered in Roots Expressing rcpmel 

Antisense mRNA 
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Growth of emerging hairy roots expressing rcpmel antisense mRNA was stunted by 

more than 50% one week after subculture (60 ±18 nun in length vs 145 ± 34 mm for 

control roots) (Figure 5F, G). This stunting occurred mainly in the region where 

elongation normally occurs, between the root cap and the zone of root hair emergence 

(Figiu'e 5H, I, area enclosed by triangles) and was associated with deformities in cell 

shape. Whereas most cells within control root tips were square or rectangular (Figure 

5J), many cells in roots expressing rcpmel antisense mRNA exhibited a bulging or 

rounded shape (Figure 5K). This area of cellular deformity corresponded closely with 

the region encompassed by altered uptake of fluorescein (Figure 5D, E). 

Border Cell Separation Is Inhibited in Roots Whose rcpmel Expression Is Inliibited 

by Antisense mRNA 

In roots expressing rcpmel antisense mRNA, border cells were made, but instead of 

dispersing into suspension when roots were immersed in water, as do control roots 

(Figure 5H, arrow), they accumulated in a ball at the root tip (Figure 51, arrow). When 

this ball was mechanically teased from the root cap, it became a cohesive detached 

clump (not shown) and the root cap was with apparently normal contours (as in Figure 

5E). 

When a normal root tip is sectioned for microscopy, border cells dissociate 

readily from the root in response to processing and handling, leaving the root cap 

periphery smooth and free of border cells (Figtire 5J). In contrast, the tips of roots 
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expressing antisense mRNA exhibited a ragged boundary resulting from the presence of 

border cells which remain associated with the root periphery (Figure 5K). Like other 

cells within the root tip expressing rcpmel antisense mRNA, border cells in the same 

root were deformed compared with control cells (Figure 5K, arrow). 

Changes in Root Tip ExtraceUular pH, Elongation, Cell Shape and Border Cell 

Separation Are Transitory and Reversible within Antisense Roots 

The observed changes in extracellular pH, cell morphology, root growth, and border ceil 

separation that occurred in transgenic hairy roots were reversible. After roots were two 

weeks old, at the time when CaMV 35S-antisense mRNA expression within the root tip 

becomes undetectable by reporter gene or Northern blot assays, a normal appearance and 

function were recovered: Fluorescein uptake, cell shape, root elongation, and border ceil 

development in root tips of roots expressing rcpmel antisense mRNA were 

indistingmshable from that of control roots. 

Rcpmel Encodes a PME 

In vitro translation of rcpmel yielded a protein of approximately 61 kd, the predicted size 

based on the gene sequence (Figure 1). When assayed using standard procedures, a 

positive dosage dependent reaction for pectin demethylation was detected within 5 min 

(data not shown). 
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DISCUSSION 

The controlled breakdovm of polymers within the wall by endogenous cell wall degrading 

enzymes has been proposed to play a role in ripening, abscission, cell division, growth, 

respiration, signal transduction, and pollen development (reviewed in Fisher and Beimett, 

1991; Carpita et al., 1996). In the best studied system, the inhibition of expression of PGs 

and PMEs in tomato causes predictable effects on the chemistry of cell wall polymers and 

can slow senescence, but has little or no impact on growth and development (Tieman et al., 

1992; Tieman and Handa, 1994). We report the cloning and functional analysis of an 

inducible root cap gene whose expression appears to be critical to root development, and 

whose deduced amino acid sequence contains signature sequences common to PMEs &om 

bacteria, flmgi, and other plants. Based on its sequence and the tight correlation of its 

expression with PME enzyme activity and border cell separation in the root cap during 

development, we designated the gene 'rcpmeT, confirmed that its product exhibits PME 

activity in vitro, and examined predictions of the hypothesis that it plays a role in 

solubilization of the cell wall. 

Our data are consistent with the hypothesis that expression of rcpmel in pea root 

caps influences cell shape, root growth, and border cell separation. The transitory 

expression of rcpmel expression driven by the CaMV 35S promoter in the root tip 

region offered an unusual opportunity to examine the impact of this gene on cellular 
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development. The CaMV 35S promoter is expressed within the root cap during the first 

two weeks of development, but then becomes undetectable, even though its expression 

remains high in the rest of the root. This made it possible to examine the impact of root 

cap localized expression of rcpmel on cellular development for the two-week period 

\^^e its expression was inhibited by CaMV 35S-antisense mRNA, and then to compare 

these effects against the same tissues in the same roots, after rcpmel expression had 

retumed to normal levels. As long as rcpmel antisense mRNA was expressed in the root 

cap, rcpmel expression in the root cap was reduced, and root growth, cell shape, and 

border cell separation all were visibly affected. Once the CaMV 35S promoter-driven 

expression of antisense mRNA in the cap ceased, normal rcpmel expression resumed. 

This provided very strong internal controls to allow interpretation of the ways rcpmel 

expression in peripheral cells of the root cap can affect cellular development, 

morphology, and flmction, as well as cell wall degradation leading to cell separation. 

Changes in cellular development and cell separation, which occurred when rcpmel 

expression was inhibited, were correlated with a change in extracellular pH large enough to 

detect using an assay based on fluorescein uptake. These observations support a 

conceptually simple, long-standing experimental model for cell wall function—that PME 

activity within the cell wall generates an extracellular pH gradient that exerts a multi-tiered 

influence on the cell's biology (Collmer and Keen, 1986; Gorshkova et al., 1997). Such a 

gradient could account for all of the three phenotypes-changes in cell shape, root 

elongation, and cell separation—observed in transgenic roots whose rcpmel activity was 
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inhibited by antisense mRNA expression. The acid-growth hypothesis predicts that low pH 

at the cell wall is required for normal cellular elongation, so distorted cell shape and 

reduced elongation are predictable effects of increased extracellular pH during critical 

phases of cell development (Cleland and Rayle, 1978). Cell wall solubilization leading to 

border cell separation would be expected to require the activity of pectin degrading 

en^nnes such as PGs (Hawes and Lin, 1990), with acidic pH optima (reviewed in CoUmer 

and Keen, 1986). In the absence of PME expression, the pH of the cell wall milieu at the 

root cap periphery may never reach levels ^propriate for en^onatic solubilization of 

carbohydrate polymers that must precede border cell separation. As a result, border cell 

separation is inhibited in transgenic roots whose extracellular pH remains above 6.0. 

The increased extracellular pH, as measured by uptake of fluorescein into cells, 

extended well beyond the peripheral cell layers where rcpmel expression was detected. 

One explanation for this observation is that, as PME deesterifles pectin in walls of 

peripheral root cap cells, depolymerization by enzymes such as PGs (Hawes and Lin, 

1990) and PLs (Twell et al., 1991) ensues. As a result, small acid generating molecules 

may be released extracellularly where they disperse away from the cell of origin via the 

root cap apoplast, a continuous pathway which allows rapid movement (1 mm per min) of 

molecules up to F. W. 600 (Bayliss et £il., 1996). Alternative hypotheses include the 

possibility that PME activity results indirectly in the solublization of oligosaccharides that 

act as short range signals to activate chemical changes throughout the cap, or that rcpmel 

expression occurs within the interior of the cap under developmental or environmental 
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conditions that were not detected by our assays. Irrespective of the meciianism, a PME 

generated pH gradient encompassing the entire root cap and the ^ical meristem could 

afTect cell surface charge, electrolyte balance, secretion, nutrient uptake, tolerance to 

minerals and toxins, and sensing of gravity and other stimuli. Such a gradient also could 

play a role in the switch in gene expression within the cap that occurs in response to the 

experimental removal of border cells (Brigham et al., 1998). In Dictyostelium discoideian, 

reduced extracellular pH causes a developmental shift from spore to stalk fomiation, and is 

associated with the selective activation of the expression of some genes, but not others 

(Town et al., 1987). 

The current study provides evidence that, as proposed (e.g. Moustacas et al., 

1986; Chamey et al., 1992), endogenous PME activity in plant cell walls plays a crucial 

role in plant growth and development. The fact that even a partial inhibition of rcpmel 

expression can cause such effects highlights the importance of this gene in cellular 

metabolism in plants. 

METHODS 

Plant Material 

Pea (Pisum sativum L., cv Little Marvel, Royal Seeds, Kansas City, MO) seeds were 

surface sterilized as described previously (Stephenson and Hawes, 1994). Roots of 

varying lengths were selected by direct measurements. In certain experiments, border 
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cells were removed to induce PME activity as described previously (Hawes and Lin, 

1990; Stephenson and Hawes, 1994). 

Induction of Border Ceil Separation 

Border cells can be collected from root tips during germination, begiiming when roots 

are 5 mm in length (Hawes and Lin, 1990). Border cell number increases with 

increasing root length for ca 24 hr, until the root is ca 25 mm long and ca 4000 cells are 

present in a sheath around the root cap. At this stage in development, border cell 

separation ceases, such that the number of cells per root remains constant as root growth 

proceeds. The process can be induced and synchronized by removing the existing 

border cells by gentle agitation in water (Stephenson and Hawes, 1994). Root caps so 

treated are referred to in this paper as "induced root tips", and "iminduced root tips" are 

those with a full complement of border cells. 

cDNA Library Construction and Isolation of PME cDNA Clones PsPEl, PsPE2 

and rcpmel 

PME activity was induced by removing border cells from root caps of 25 mm long roots 

(Stephenson and Hawes, 1994). After incubation at 24°C for 2 hr, induced root tips (2-3 

mm) were excised and total RNA was extracted (Carrington and Morris, 1984). 

Poly(A)'RNA was extracted using PolyAtract mRNA Isolation Systems (Promega 

Corporation, Madison, WI). The cDNA library was constructed using 2 jag of 
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poly(A)*RNA from induced root tips as described in the ZAP-cDNA*Synthesis Kit 

(Stratagene, La JoUa, CA). The amplified library was screened with a '̂ P-labelled 

Phaseolus vulgaris (French bean) PME cDNA, PvVPES, a gift firom Kees Recourt 

(Recourt et al., 1992). After three roumds of screening, a single, isolated positive plaque 

was chosen for in vivo excision of pBluescript from UNI-ZAP XR as instructed by the 

manufacturer (Stratagene, La JoUa, CA). This cDNA clone was named PsPEl. Northern 

blot analysis revealed that PsPEl is not a full length cDNA clone, but instead represents 

the 3' half of the PME mRNA. 

In order to obtain a cDNA clone representing the 5' half of the PME mRNA, 

PsPE2, PME enriched cDNAs were synthesized by using Poly(A)TRNA from induced 

root tips as template and a 34 bp oligonucleotide containing a Xho I site and 

corresponding to the sequence of PsPEl 60 bp from the 5'end as a primer. A PME 

enriched cDNA library was constructed as described in the ZAP-cDNA®Synthesis Kit 

(Stratagene, La Jolla, CA). "P-labelled PsPEl was used as probe to screen this library. 

To obtain the fiill length PME cDNA clone rcpmel, ^"P-labelled PsPEl was 

used as a probe to screen a cDNA library synthesized from induced root tips. 

DNA Sequencing 

Representative clones PsPEl, PsPE2, and the full length cDNA clone rcpmel were 

subjected to DNA sequence analysis. Plasmid DNA was purified using the Plasmid 

Midi Kit (Qiagen, Chatsworth, CA) and then sequenced automatically using vector 
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primer Ml3-20 and reverse primer in the Biotechnology Center at the University of 

Arizona. Oligonucleotides were synthesized according to the sequence information 

obtained and were used directly as primers for fiuther sequencing. Manual 

dideoxynucleotide sequencing was carried out according to the instructions from 

Sequenase®*version 2.0 kit (United States Biochemical, Cleveland, OH). 

Sequence alignment and comparison with PME sequences from other organisms 

were performed by using the GCG software (Genetics Computer Group, Madison, WI) 

and the GENEMBL data library (Devereux et al., 1984). 

Northern Blot Analysis of PME Expression 

Poly(A)RNA was extracted from the tips (2-3 mm) of roots with varying lengths during 

development. Alternatively, poly(A)RNA was extracted from uninduced or induced 

root tips at different time points after removal of border cells. Stem or leaf tissue was 

collected from plants grown for 60 days. One microgram of poly(A)RNA from each 

sample was denatured with formaldehyde and separated by electrophoresis on a 1% 

agarose gel under denaturing conditions. Gels were blotted to HybondN membrane 

(Amersham, Arlington Heights, IL) with 10 x SSC, and hybridized under stringent 

conditions in 50% formamide, 5 x Denhardt's solution, 1% SDS, at 42°C overnight with 

^^P-Iabeled PsPEl or PsPE2. After hybridization, membranes were washed at room 

temperature three times for 20 min each, in 1 x SSC, 0.1% SDS, followed by one wash 

in 0.2 X SSC, 0.1% SDS at 65°C for 15 min prior to exposure to X-ray film. 
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Tissue Print Northerns 

The tips (10 mm) of induced roots were excised and split longitudinally into two equal 

halves. The tissue printing of these freshly split roots was performed as described by 

Cassab and Vamer (1987) using Hybond™-N' membranes (Amersham, UK). Riboprobe 

of PsPEl was labeled using digoxigenin. Tissue print Northern hybridization was 

carried out as described (Tire et al., 1993). Controls included uninduced root tips 

subjected to the same treatments. 

Construction of Transformation Vectors and Trangenes 

A 1744 bp fragment of rcpmel was PCR-amplified with primer 1, 5'-

ATCAGGAGCTCAGCCCTTATTGri lCTCATC-3' containing a created Sstl site and 

primer 2, 5'-AGTTCGGATCCTCCAGACATGTGGCATTCAT-3" containing a created 

BamHI site (position 116 and 1860 in the rcpmel sequence, respectively). This PCR-

amplified fragment was digested by BamHI and Sstl simultaneously, then inserted in 

both sense (rcpmelS) and antisense {rcpmelA) orientations under the control of the 

CaMV 35S promoter in vector pBI121 whose GUS gene was removed by digestion with 

BamHI and Sstl. The resulting constructs pBlrcpmelS and pBIrcp/we7A were 

mobilized into A. rhizogenes strain RIOOO through triparental mating using pRK2013 as 

helper strain and kanamycin as selectable markers (Ditta et al., 1980; Tieman et al.. 
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1992). R1000/pBI121 (CaMV35S-Mwi4) was used to characterize the CaMV 35S 

promoter expression in root caps of pea hairy roots. 

T ransformation 

pBlrcpmelS and pBIrcpmeiA were transformed into pea stems using A. rhizogenes 

RIOOO containing a kanamycin resistance gene as a selectable marker. Pea seeds were 

sterilized as described in "Plant Material". Sterilized seeds were germinated on 1% 

water agar in magenta vessels at 24°C in the dark until hypocotyls reached 

approximately 1 cm in length. Subsequently, seedlings were incubated at 24°C with a 16 

hr light period. Sterile stem segments (1.5-2 cm long) were transferred aseptically in an 

inverted position to TM-I solid medimn (Shahin, 1985) containing 500 mg/L 

carbenicillin. A drop of bacterial suspension (O.D.600 ca 1.0) was then placed on the 

upper surface of the stem section with a 10 |il Pipetman. The plates were incubated at 

24°C, with a 16 hr photoperiod, and 2 ^lE mV light intensity. Ten to 15 days after 

inoculation, hairy roots emerge from the upper surface of the inoculated stem (Nicoll et 

al., 1995). After 2-3 weeks, the primary hairy roots induced on pea stems were excised 

and cultured on hormone free Gamborg's B5 medium (Sigma, St. Louis, MO), pH 5.8, 

with 1% Difco agar, 100 mg kanamycin, 500 mg carbenicillin and 20 g sucrose per liter. 

Putative positive hairy roots (selected on kanamycin) were subcultured once a month on 

the same medium without kanamycin. Two to four weeks after subculture, sufficient 

material was available for Northern blot analysis. For confirmation of transformation. 
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genomic DNA from independent transfonnants was digested with BamHl and analyzed 

by Southem blotting using a ^^P-labeiled CaMV 35S promoter fragment as a probe. The 

frequency of transformed stems that gave rise to hairy roots was approximately 85%. 

Among ^B/lrcpmelA and pBIrcpme/S transformed hairy roots, 80% were kanamycin 

resistant. Results reported here represent ten independent transformations conducted 

over an 18-month period, with dozens of replicate plate cultures and himdreds of roots. 

Glucuronidase Assay 

Histochemical localization of GUS activity in hairy root tissues was performed by 

incubating tissues at room temperature in 50 mM sodium phosphate (pH 7.0) containing 

the chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-glucuronide (1 mM), by 

standard procedures (Liang et al., 1989; Schmid et al., 1990). Hairy roots were examined 

microscopically. 

Fluorescein Assay for Extracellular pH 

Hairy roots induced by wild type A. rhizogenes strain RIOOO and pBlrcpwe/A, 

respectively, were incubated in 0.5% fluorescein for 15 min, then washed three times in 

water for 20 min and immersed in water for 14-18 hr to remove excess dye. Fluorescein 

uptake was evaluated by direct observation using a Zeiss D-7082 Oberkochen 

microscope outfitted with a ultraviolet radiation source (Dorhout and Kolloffel, 1992). 
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Histology 

Hairy root tips induced by RIOOO and pBIrcpme/A respectively were excised 1 cm 

from the apex into HC tissue fixative MB (Amresco, Solon, OH), dehydrated in an 

ethanol and butanol series, embedded in Parapiast (Sigma), sectioned in 10 |im sections, 

dried on slides, and stained with 2% aqueous safranin O and 0.5% fast green in 95% 

ethanol. Sections through the transverse meristem (Popham, 1955) were used for 

analysis. 

Riboprobe for Northern Hybridization and Extraction of Genomic DNA for 

Southern Blot Analysis 

Single strand RNA probe (ribo probe) was synthesized according to the Ambion's 

MAXIscript™ {In Vitro Transcription Kits). Rcpmel mRNA levels in transgenic hairy 

roots were detected by Northern blot analysis using '̂ P-labeled single strand rcpmel 

transcript as probe. Quantification of rcpmel level was carried out with a Macintosh 

computer using the public domain NIH Image program. Genomic DNA from pea leaf 

and stem and from maize leaves was extracted according to the modified CTAB method 

of Murray and Thompson (1980). DNA from alfalfa and Arabidopsis leaves was 

extracted according to Saghai-Marcof et al. (1984). DNA from different species was 

digested (10 {.tg each) for 6 hr at 37°C with different restriction enzymes and separated 

on a 0.8% agarose gel. The DNA was transferred to Hybond™-N" membrane 

(Amersham, UK) according to the instructions of the manufacturers of the membrane. 
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Hybridizations with the ^^-labeied PsPEl and PsPE2, respectively, were performed 

overnight at 55°C. After hybridization, the membranes were washed twice in 2 x SSC, 

0.5% SDS (65°C, 20 min) prior to autoradiography. 

In vitro translation of rcpmel and en^me activity of the product 

In vitro translation of rcpmel was carried out in a coupled transcription/translation 

system, the TNT*^ Coupled Reticulcyte Lysate System (Promega), in the presence of 

Transcend™ tRNA (Promega) to produce labelled protein. The protein was 

electrophoresced on an SDS-PAGE gel and blotted onto a nitrocellulose membrane, then 

visualized by binding streptavidin-alkaline phosphatase, followed by colorimetric 

detection. Luciferase DNA was used as a positive control and a no-DNA template was 

used as a negative control. 

To detect enzyme activity of the rcpmel translation product, 300 ^il of translation 

mixture from the above reaction was pooled and the hemoglobin was removed by acid 

precipitation to facilitate visual detection of the reaction (Thomas et al 1987). The 

reaction mixture was diluted serially into assay buffer containing citrus pectin (Sigma 

Chemical Company, St. Louis MO), bromothjnnol blue and water, pH 7.4, in replicate 

wells of a microtitre plate (Hagerman and Austin, 1986). Negative controls included 

buffer only or buffer containing boiled enzyme. Commercial PME (Sigma Chemical 

Company, St. Louis MO) was used as a positive control. A positive reaction was 

detected within five minutes by a concentration dependent color change from blue to 

yellow. 
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FIGURE LEGENDS 

Figure 1. Structural Analysis of rcpmel. 

(A) Nucleotide and deduced amino acid sequences of the rcpmel isolated from induced 

pea root tips. Nucleotides are numbered from the first base after cloning site EcoRI on 

pBS SK(-). The deduced amino acid sequence of rcpmel is below the nucleotide 

sequence in single-letter code and potential polyadenylation signals and pectinesterase 

motifs are underlined. 

(B) Comparison of predicted amino acid sequence of rcpmel with PME-encoding genes 

from other plants, including L27101 (petunia), U28148 (alfalfal), S00629 (tomato), 

S37110 (tomato), S37109 (tomato), S25171 (bean), rcpmel (pea), atpmel (Arabidopsis) 

and S14952 (rape). Shading corresponding to same amino acid sequence in at least 6 

PME sequences. 

(C) Genomic Southern blot analysis of sequences related to rcpmel in alfalfa, 

Arabidopsis, and maize. Genomic DNA from alfalfa (left), Arabidopsis (center) and 

maize (right) were digested with EcoRI (Rl), BamHI (Bl) or Hindlll (H3) and probed 

with ^"P-labeled PsPEl at 65''C. The first lane in each panel is pea genomic DNA. 
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(D) Genomic Southem blot analysis of pea using probes PsPEI (left) or PsPEl (right), 

cDNA sequences representing the conserved 3' half of rcpmel or its unique 5' half, 

respectively. Genomic DNA was digested with BamHI (Bl) or Hindm (H3). 

Figure 2. Expression of rcpmel during Emergence of the Root. 

Northem analysis of rcpmel expression during early development of the root. PsPEl was 

used to probe a Northem filter containing mRNA samples isolated from roots of 1, 5, 10, 

IS, 20 and 25 mm in length. Expression is high diiring emergence, as border cell 

separation is initiated, and gradually subsides as the number of border cells levels off and 

finally is complete at ca 4000 cells when the root is 25 nmi long (Stephenson and Hawes, 

1994). Results illustrate a pattern that was detected in 3 independently replicated 

experiments. 

Figure 3. Expression of rcpmel after Experimental Induction of Border Cell 

Development. 

(A) Northem blot analysis of rcpmel expression in uninduced 25 mm roots (U) and at 5 

min, 1, 2, 3, 4, and 24 hr after induction. The same results were obtained in 2 

independently replicated experiments. 
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(B) Border cell production after experimental induction by removal of existing border 

cells from uninduced (U) roots. Appearance of the root tip, as border cell number 

increases, is shown at time 0, and after 1,4,15, or 24 hr. 

Figure 4. Localized Expression of rcpmel in Peripiierai Cells of the Root Cap. 

(A) An uninduced root tip hybridized with a PsPEl probe showed no reaction and tissue 

prints were invisible. (B). Tissue print of an induced root hybridized with a PsPEl probe. 

A positive reaction is detected as a dark border along the periphery of the root tip. The 

same results were obtained in 5 independent tests. 

Figure 5. Efifect of rcpmel Antisense mRNA Expression on Root Development. 

(A, B) Use of CaMV 2SS-uidA as a reporter to determine expression in hairy roots of pea. 

Bar: 100 jim. In emerging hairy roots, expression in the root cap is detectable as a blue 

stain (A). In hairy roots that have been in culture for more than two weeks, expression is 

no longer detectable in root caps, but a strong positive reaction is evident above the root 

cap (B). Dozens of roots among fifteen independently generated replicate clones were 

evaluated over the course of 3 years, and representative samples are shown. 

(C) Transitory inhibition of rcpmel expression in hairy roots expressing rcpmel antisense 

mRNA. Expression of rcpmel in different roots was determined by Northern analysis 

using ^^P-labeled single strand rcpmel transcript as probe, in 2 independently replicated 



120 

experiments. PsUBC4, a gene encoding pea ubiqnitin conjugating enzyme (Woo, 1994) 

showed equal expression. Values represent relative intensity of Northern blot samples of 

(1) Vector-only control hairy roots, after 1 week in culture; (2) Transgenic hairy roots 

expressing rcpmel antisense mRNA, after 1 week in culture; (3) Transgenic hairy root 

expressing rcpmel sense mRNA, after 1 week in culture; (4) Transgenic hairy roots 

expressing rcpmel antisense mRNA, after 2 weeks in culture; (5) Root tips of induced 

25mm pea roots (3 days post-emergence). 

(D, E) Altered extracellular pH in root tips of transgenic hairy roots. Bar: 100 |am. 

Control hairy roots (D) exhibit an ability to take up fluorescein throughout the root cap, 

indicating that the extracellular pH is lower than 5.5. In contrast, hairy roots at the same 

developmental stage expressing rcpmel antisense mRNA (E) do not take up fluorescein 

and remain dark, indicating that the extracellular pH is above 6.0 (Dorhout and Kolloffel, 

1992). Fifty control and fifty antisense mRNA roots were compared. A few roots 

exhibited patterns that were distinct from the majority, or were inconclusive, but the 

photos represent a pattern that was representative of at least 95% of the samples. 

(F, G) Stunting of root growth in roots expressing rcpmel antisense mRNA. Bar: 10 mm. 

After one week in culture, control hairy roots (F) are more than 100 mm in length, 

whereas antisense roots (G) are reduced by more than 50%. Results of F, G, H, I, J, and 

K represent root clones from more than 12 independent transformations conducted over 
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an 18-month period, with dozens of replicate plate cultures and hundreds of individual 

roots. 

(H, I) Inhibition of root elongation and border cell separation in hairy roots expressing 

rcpmel antisense mRNA. Bar: 100 ^m. In control hairy roots (H), the region of 

elongation (designated by triangles) is several mm in length, compared with that in roots 

expressing antisense mRNA. (I). In control hairy roots, border cells disperse into 

suspension upon contact with water (H, arrow), but in antisense mRNA roots border cells 

accimiulate in a ball which does not separate from the root upon immersion in water (I, 

arrow). 

(J, K) Distortion of cell shape and structure in hairy roots expressing rcpmel antisense 

mRNA. Bar: 100 |im. In tips of control hairy roots (J), cell lineages are sharply defined, 

most cells are elongate or square, and the root periphery is smooth because border cells 

disperse during the process of sectioning for microscopy. In contrast, cells within roots 

expressing rcpmel antisense mRNA (K) are rounded and a ragged boundary of still-

attached border cells (arrow) are present on the cap periphery. 



Figure 1 A 

GTGCTAGCTAACTTATCAGTATGGCTATCCAAGAAACTTTGATAGACAAGCCTAAAAAATCCATTCCC~~CTTTCTGG 80 
- ~I Q E T L I D K P K K S I P K T f W 

TTAATCCTCTCTTTAGCTGCTATCATAGGCTCATCAGCCCTTATTGTTTCTCATCTCAACAAP.CCTATCTCCTTCTTCCC 160 
L I L S L A A I I G S S A L V S H L N K P S f f P 

ACTCTCTTCAGCTCCCAATCTGTGTGAGCATGCTGTTGATACAAAATCATGCTTAACTCATGTATCAGAAGTGGTTCAAG 2 40 
L S S A P N L C E H A V D T K S C L T H V S E V V Q G 

GCCAAGCCTTAGCTAACACAAAAGACCACAAATTGAGTACACTCATATCCTTATTAACCAAGTCCACCTCACACATTCAG 320 
Q A L A N T K D H K L S T L I S L L T K S T S H I Q 

AAAGCCATGGAAACAGCCAATGTTATCAAACGCCGGGTTAACAGCCCTAAAAAGGAGACGGCTTTGAATGACTGTGAGCA 400 
K A M E T A N V I K R ~ V N S P K K E T A L N D C E Q 

ACTAATGGACTTGTCCATGGATAGAGTTTGGGACTCAGTGTTGACTTTAACAAAAAATAACATTGACTCACAACAAGATG 480 
L M D L S M D R V W D S V L T L T K N N I D S Q Q D A 

CACACACATGGCTAAGTAGTGTGCTCACTAACCATGCAACTTGTTTGAATGGTTTAGAAGGTACATCTCGGGTCGTCATG 560 
H T W L S S V L T N H A T C L N G L E G T S R V V M 

GAAAGTGACCTTCAGGACTTGATATCAAGAGCTAGATCTTCTCTCGCCGTGCTTGTTTCCGTTTTACCTGCAAAGAGTAA 64 0 
E S D L Q D L S R A R S S L A V L V S V L P A K S N 

CGACGGATTCATTGATGAATCATTGAACGGTGAATTTCCCTCATGGGTAACGAGTAAGGATCGAAGGCTTTTGGAGTCTA 720 
D G F I D E S L N G E F P S W V T S K D R R L L E S T 

CAGTTGGGGACATk~GGCCAATGTTGTGGTGGCTAAAGATGGGAGTGGTAAGTTCAAAACTGTGGCTGAGGCTGTGGCA 800 
V G D I K A N V V V A K D G S G K F K T V A E A V A 

TCTGCACCAGACAACGGTAAGGCAAGGTATGTTATCTATGTGAAAAGAGGAACCTACAAAGAGAAGGTAGAAATTGGTAA 880 
S A P D N G K A R Y V I Y V K R G T Y K E K V E I G K 

I 
GAAAAAGACAAATGTGATGCTCGTTGGTGATGGTATGGATGCAACAATAATCACAGGCAACTTGAATTTTATCGATGGAA 960 

K K T N V M L V G D G M D A T I I T G N L N f I D G T 

CAACCACTTTC~ATAGTGCAACTGTTGCTGCTGTTGGAGATGGGTTTATAGCTCAGGACATAGGGTTCCAAAACACGGCA 1040 
T T f N S A T V A A V G D G f I A Q D G f Q N T A 

GGCCCAGAAAAGCACCAGGCAGTTGCTCTCCGCGTAGGTGCTGATCAATCTGTCATCAACCGTTGTAAPATTGACGCATT 1120 
G P E K H Q A V A L R V G A D Q S V N R C K I D A f 

TCAAGACACCCTCTACGCACACTCCAACCGACAATTTTACCGTGACTCCTTCATTACCGGTACTGTTGACTTTATCTTTG 1200 
Q D T L Y A H S N R Q f Y R D S f I T G V D F F G 

II 
GAAACGCAGGTGTTGTGTTCCAGAAGAGCAAACTTGTGGCCCGAAAGCCCATGAGCAACCA~~GAACATGGTCACGGCC 1280 

N A G V V f Q K S K L V A R K P M S N Q K N M V T A 

CAAGGTCGAGAAGACCCAAACCAGAACACTGCAACTTCAATTCAGCAATGTAATGTCA~ACCAAGCTCGGACCTCAAGCC 1360 
Q G R E D P N Q N T A T S I Q Q C N V I P S S D L K P 

TGTGCAAGGCTCCATCAAAACATACCTAGGCCGCCCATGGAAGAAATACTCCAGGACTG~7G~GTTGCAGTCCGTCGTAG 14 40 
V Q G S I K T Y L G R P W K K Y S R c V '' L Q S V V D 

ACAGCCATATTGACCCAGCAGGATGGGCTGAATGGGATGCCGCGAGTAAGGATTTTCTGCAPACATTGTATTACGGAGAG 1520 
S H I D P A G W A E W D A A S K D f ~ L Y Y G E 

T ACTTGAACAGTGGAGCAGGTGCTGGT ACCAGCAAGAGAGTGACTTGGCCTGG-TA TC!·.T A 7 CA TCAAAACTGCTGCAGA 16 0 0 
Y L N S G A G A G T S K R V T W P G K T A A E 

GGCTAGCAAGTTTACAGTGACACAGCTCATCCAGGGTAATGTTTGGTTGAAGAACACAGGGGTAGCCTTCATTGAAGGCC 1680 
A S K f T V T Q L I Q G N V W L K N T G A f I E G L 

TGTAGAAATTGGCTTCGGCAGGCGTGTACTATTATGTTTTTGATATGAGTGAAATTTGCAGGAAATAPAACAGAAACATT 1760 

ATCCTTTATGGAAGAATGAGGTTTAATTAAAAAAATTTCCTACATACGATGTAACAACTGTTCTTCTACCAATGTTAAAA 1840 

TGAATGCCACATGTCTGGAAAATAAACTTTGTAGTTACAGCCAAAAAAAAAAAAAAA 
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Abstract 

A genomic clone of a pea pectinmethyiesterase encoding gene, rcpmel, was isolated and 

its functions in root border cell separation were investigated. The sequence of the 

genomic clone of rcpmel included a 2774 bp 5' flanking region and the whole coding 

sequence. A small intron of 84 bp interrupted at the middle of the coding sequence. 

Primer extension analysis indicated that transcription starts 42 bp upstream of the 

translation start site. Agrobacterium rhizogenes mediated pea hairy roots were used for 

transgenic expression. The 5' flanking region of 2.75 kb and several 5' deletions, with 

1813 bp, 998 bp and 438 bp and 300 bp 5' flanking region sequence, were fused to P-

glucuronidase (GUS) gene for promoter analysis. The expression of antisense rcpmel 

mRNA driven by 2.75 kb 5' flanking region and its effects on the process of border cell 

separation were examined. The results from promoter analysis indicated that rcpmel gene 

is strongly expressed in root tips and along the root vascular tissues. The longer the 5' 

flanking region, the stronger the GUS expression. Deletion of two putative vascular 

specific elements eliminate the tissue specificity. Transgenic hairy roots expressing 

antisense rcpmel mRNA driven by 2.75 kb 5' flanking sequence showed phenotypes of 

inhibited border cell separation, as well as abnormal root tip and hairy root development 

patterns. 
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Introduction 

Plant root border cell separation from root tips is a unique, yet largely ignored process. 

Many higher plants are programmed to produce thousands of intact, living somatic cells 

from each root tip and to release them into the rhizosphere daily. These cells and related 

by-products produced from this process are potentially important for plant-microbe 

interactions in the rhizosphere and for the plant to adapt to its soil enviroimient (Hawes et 

al, 1998). 

Cell wall degradation is proposed to be the cause of root border cell separation 

(Stephenson and Hawes, 1994). The controlled breakdown of polymers within the cell 

wall plays a role in processes ranging from fruit ripening, cell wall maturation, abscission 

and senescence, to symbiosis and pathogenesis (e.g. Fisher and Beimett, 1991, Carpita et 

al, 1996; Collmer and Keen, 1986). Border cell separation must be a strictly regulated cell 

wall degradation process, since so many living plant cells dissociate from root tips and 

from each other without observed destruction to plant life. Limited degradation of the 

middle lamella, i.e. the cementing layer between cells, would be the logical cause for the 

process of border cell separation, for these dissociated yet living border cells have 

functional cell walls. 
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Pectinmethylesterase (PME) (EC 3.1.1.11) is hypothesized to initiate the cell wall 

degradation process by demethoxylating pectins to produce polygalacturonic acid (PGA) 

and release protons. PGA is a substrate that can be more actively depolymerized by 

polygalacturonase (PG) and pectate lyase (PL) than methylated pectins (Fischer and 

Bennett, 1991; Roberts, 1991). The released protons can cause localized pH change, 

which has been shown to optimize the functioning of other cell wall degradation 

enzymes, like PG (Ricard and Noat, 1986; Symour et al., 1987). Expression of a PME 

encoding gene in root tips of pea was hypothesized to be responsible for initiating the 

process of cell wall degradation which results in border cell separation from root tips of 

pea (Stephenson and Hawes, 1994; Wen etal., 1999). 

Previous results have shown that enzymatic activities of a pectinmethylesterase (PME) 

and transcript level of its encoding gene in root tips correlate with the process of border 

cell separation (Stephenson and Hawes, 1994). The full length cDNA, rcpmeL encoding 

a root tip expressed PME has been cloned (AF056493) (Wen et al., 1999). Expression of 

antisense rcpmel mRNA driven by cauliflower mosaic virus (CaMV) 35S promoter has 

resulted in a partial inhibition of border cell separation and root development. However, 

those phenotypes caused by CaMV 35S promoter driven expression of rcpmel antisense 

mRNA is a transient property, as a result of transient activity of CaMV 35S promoter in 

the root cap. The inhibition effects on border cell separation and other phenotypes 
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disappeaied two weeks later, when the 35S promoter is no longer expressed in the root 

cap (Wen et al., 1999). 

In this study, the cloned genomic copy of rcpmel was characterized and the 2.75 kb 5' 

flanking region was subjected to promoter analysis by expression of the uidA gene 

encoded glucuronidase (GUS) gene, to evaluate its expression with respect to intensity, 

duration, timing and location. Expression of antisense rcpmel mRNA driven by its native 

promoter was examined to investigate the functions of this gene in the process of border 

cell separation. 

Materials and methods 

Plant Material 

Pea (Pisum sativum L., cv Little Marvel, Royal Seeds, Kansas City, MO) seeds were 

surface sterilized and germinated as described previously (Stephenson and Hawes, 1994). 

Root length was determined by direct measurements. In certain experiments, border cells 

were removed to induce PME activity as described previously (Hawes and Lin, 1990; 

Stephenson and Hawes, 1994). 

Induction of border cell separation 
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Border cells can be collected from root tips during germination, beginning when roots are 

5 mm in length (Hawes and Lin, 1990). Border cell number increases with increasing 

root length for ca 24 hr, until the root is ca 25 mm long and ca 4000 cells are present in a 

sheath aroimd the root cap. At this stage in development, border cell separation ceases, 

such that the number of cells per root remains constant as root growth proceeds. The 

process can be induced and synchronized by removing the existing border cells with 

gentle agitation of root tips in water (Stephenson and Hawes, 1994). Root tips so treated 

are referred to in this paper as "induced root tips", and 'hininduced root tips" are those 

with a full complement of border cells. 

Pea genomic library screening and nucleotide sequencing 

A pea genomic library constructed in EMBL3 (Clontech, Palo Alto, CA) was screened 

using 600 bp of 5' end of rcpmel cDNA according to the manufacture's manual. Lambda 

DNA from the positive plaques was extracted using a Qiagen lambda DNA extraction kit 

according to the manufacture's manual. The DNA was digested with restriction enzymes, 

blotted and hybridized as descried by Sambrook et al. (1989). The hybridized Hindlll/SstI 

fragment were subcloned into pBluscript SK"^ vectors (Strategen) and analyzed further by 

restriction mapping and sequencing. Plasmid DNA was purified using the Plasmid Midi 

Kit (Qiagen) and then sequenced automatically using vector primer Ml3-20 and reverse 
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primer in the Biotechnology Center at the University of Arizona. Oligonucleotides were 

synthesized according to the sequence information obtained and were used directly as 

primers for further sequencing. Manual dideoxynucleotide sequencing was carried out 

according to the instructions from Sequenase**version 2.0 kit (United States Biochemical, 

Cleveland, OH) and dsDNA Cycling Sequencing System (Gibco BRL). Both strands of 

the cloned gene were sequenced. Sequence alignment was performed by using the GCG 

software (Genetics Computer Group, Madison, WI) and the GENEMBL data library 

(Devereux et al., 1984). Computer sequence analysis program (GCG-Findpattems = 

tfsites.dat) were used to identify the putative c/j-transcriptional regulatory elements or 

binding sites for transcriptional factors. 

Primer extension analysis 

The transcription start site of rcpmel gene was determined using the AMV reverse 

transcriptase primer extension system (Promega). Total RNA was isolated from induced 

pea root tips (0.3-0.5 cm) from seedlings with root length of 2-3 cm, using the TRIzol 

reagent (Life Technologies) according to the manufacture's instructions. The primer used 

(Prex: 5'-GAGAGGATTAAC CAGAAAGTTTTGGGAATGG-3') is a 31 mers and 

corresponds to bases +112 to +81 of the antisense strand at 5' end of rcpmel cDNA (also 

indicated in Fig. 2). The oligonucleotides (200 ng) was end labeled with 50 uCi 

[y^^P]ATP (specific radioactivity 3000 Ci/mmol) using T4 polynucleotide Kinase. The 



135 

primer extension reactions were performed according to the manufacture's instructions 

and the products were loaded on a 6% polyacrylamide sequencing gel. To estimate the 

size of the extension product, sequencing reactions performed on PBSHS-5 (which 

containing the whole coding sequence of rcpmel) using same primer were run alongside. 

Generation of chimeric gene constructs 

1. GUS expression constructs. 

A nested set of deletions in the 5' flanking region of rcpmel was generated by 

synthesizing a set of oligonucleotide primers and using PGR to ampliiy the corresponding 

fragments. The template for PGR reactions was plasmid PBSHS-5 (Fig. 1), which 

contains 5.2 kb insert of genomic fragment including 2745 bp 5' flanking region and 

whole coding region. Hindlll and Xbal sites were incorporated into the 5' and 3' primers, 

respectively, allowing the fragments to be cloned into these sites of the binary plasmid 

vector pBIlOl (Glontech, Palo Alto). The 5' and 3' end points of PGR fragments are 

indicated in Fig. 2. 

The binary plasmid pBIlOl (Glontech, Palo Alto) which contained a promoterless 1.87 

kb GUS cassette was used to generate GUS chimeric gene constructs. The oligo primer 

Prm5 (5' -GGAGAAAGGTTTGGGCGTGATGGAGTGAGTGA-3'), containing a 

Hindlll site and annealing to antisense strand from -2747 to -2727 nucleotides, and Prm3 



136 

(5'-GATCCTCTAGAACTGATAAGTTAGCTAGCACTGG-3') containing a created 

Xbal site and annealing to sense strand from +20 to +42 nucleotides, were used in a PGR 

amplification to obtain 2.75 kb 5' flanking region of rcpmel gene. The PGR product was 

subject to double digestion with Hindlll and Xbal. The digestion products were 

separated in an agarose gel and the band of interest, ca 2.75 kb fragment, was cloned in 

the pBIlOl vector prepared by a double digestion with Hindm and Xbal to produce 

plasmid pBIP. Similarly, 4 other primers downstream of the Prm5, namely Prm5a, 

Prm5b, Prm5c and Pnn5d, together with Prm3 were used to generate the truncated 

promoter fragments (as shown in Fig. 3), generating other chimeric gene constructs 

pBIPa, pBIPb and pBIPc, to test the expression pattern of rcpmel promoter. 

2. Antisense rcpmel mRNA expressing construct 

From the plasmid pBIP, which has 2.75 kb 5' flanking sequence (as described above), the 

GUS cassette was removed by double digestion with BamHI and Sstl. A 1744 bp 

fragment of rcpmel was PCR-amplified from rcpmel cDNA, with primer I, 5'-

ATCAGGAGCTCAGCCCTTATTGTl rCTCATC-3', containing a created Sstl site and 

annealing to antisense stand from +137 to +157 nucleotides, primer 2, 5'-AGTTC 

GGATCCTCCAGACATGTGGCATTCAT-3', containing a created BamHI site and 

annealing to sense strand from position +1965 and +1845 nucleotides in rcpmel cDNA 

sequence, respectively). This PCR-amplified fragment was digested by BamHI and Sstl 

simultaneously, then inserted into BamHI and Sstl sites in plasmid pBIP, with GUS 
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cassette removed. This construct, pBIA, will generate antisense rcpmel mRNA when 

transcribed. 

Mobilization of transgene constructs to Agrobacterium rhizogenes RIOOO 

The resulting constructs pBIA and GUS expression constructs were transformed into E. 

coli DH5a (BRL Gibco), and then mobilized into A. rhizogenes strain RIOOO (resistant to 

Nalidixic acid) through triparental mating, using pRK2013 as helper strain and 

kanamycin and Nalidixic acid (Sigma) as selectable markers (Ditta et al., 1980; Tieman et 

al., 1992). 

Transformation of pea stem fragments and hairy root maintenance 

The constructs containing pBIA and GUS expression constructs were transformed into 

pea stem fragments using A. rhizogenes RIOOO containing a kanamycin resistance gene 

as a selectable marker. Pea seeds were sterilized as described in "Plant Material". 

Sterilized seeds were germinated on 1% water agar in magenta vessels at 24°C in the dark 

until hypocotyls reached approximately 1 cm in length. Subsequently, seedlings were 

incubated at 24°C with a 16 hr light period. Sterile stem segments (1.5-2 cm long) were 

cut and transferred aseptically in an inverted position to TM-1 solid mediiun (Shahin, 

1985) containing 500 mg/L carbenicillin. A drop of bacterial suspension (ODjoo ca 1.0) 
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was then placed on the upper surface of the stem section with a 10 |il Pippetman. The 

plates were incubated at 24°C, with a 16 hr photoperiod, and 2 ^lE mV light intensity. 

Ten to 15 days after inoculation, hairy roots emerge from the upper surface of the 

inoculated stem (Nicoll et al., 1995). After 2-3 weeks, the primary hairy roots induced on 

pea stems were excised and cultured on hormone free Gamborg's B5 medium (Sigma, St. 

Louis, MO), pH 5.8, with 1% Difco agar, 100 mg kanamycin, 500 mg carbenicillin and 

20 g sucrose per liter. Putative positive hairy roots (selected on kanamycin) were 

subcultured once a month on the same medium without kanamycin. Wild type hairy roots 

were defined here as the ones from the stems infected by A. rhizogenes RIOOO containing 

no foreign gene constructs. 

Confirmation of integration of transgene by PCR and genomic Southern 

In addition to kanamycin-resistance, transgenic hairy roots were analyzed for the 

integration of the T-DNA by PCR using a set of primers located within NOS-pro region 

of T-DNA sequence. Genomic DNA of transgenic lines were prepared from small amount 

of hair>' root tissues by Plant DNA Isolation Kit (Boehringer Mannheim). The expected 

PCR products of 683 bp DNA fragment were analyzed on a 1% agarose gel. In genomic 

Southern analysis, this PCR product was used as probe, labeled by "P dCTP isotope. 

Glucuronidase assay 
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Histochemical localization of GUS activity in hairy root tissues was performed by 

incubating tissues at 37°C in 50 mM sodiimi phosphate (pH 7.0) containing the 

chromogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-glucuronide (X-glu) (1 mM), by 

standard procedures (Liang et al., 1989; Schmid et al., 1990). Hairy roots were examined 

microscopically. 

Results 

Isolation of the genomic clones of rcpmel gene 

Using 600 bp DNA fragment from 5' end of rcpmel cDNA as probe, several putative 

clones were isolated by screening ca 3.6 x 10^ plaques of a pea genomic library (Clontech, 

Palo Alto, CA). After four consecutive rounds of screening, a purified clone, designated 

5112, was subjected for further analysis. A 5.2 kb Hindlll/SstI fragment which hybridized 

with labeled 600 bp fragment of rcpmel cDNA 5' sequence was subcloned into 

pBluscript SK+ to give pBSHS-5 clone. Restriction digestion and Southern blot analysis of 

pBSHS-5 provided the map (Fig. 1). It contains ca 2.8 kb 5' flanking region and the entire 

coding regions. 

Nucleotide sequencing and characterization of rcpmel gene 
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The determined nucleotide sequences and deduced amino acid sequences for rcpmel 

protein is shown in Figure 2. The sequence comparison of the generated sequence with full 

length rcpmel cDNA revealed that this genomic fragment contains the whole coding region 

of rcpmel and ca 2.8 kb 5' flanking region, including two potential polyadenylation sites. 

The sequence of coding region before the second of the two potential polyadenylation sites 

has 100% nucleotide identity with the sequence of cDNA. The coding region was 

interrupted by a small single intron of 84 bp, located at 1009 bp after the transcription start 

site, which is consistent with previous intron mapping (data not shown). The intron follows 

the plant consensus AG/GT at corresponding 5' and 3' exon/intron boundary and split the 

gene at homologous encoded amino acid sequence to that of other cloned PME genes 

(SATV/AAV) (Richard et al., 1996). The 5' flanking region of rcpmel gene was subjected 

to promoter analysis by 5' serial deletions. 

Determination of transcription start site of rcpmel gene 

Previous Northern blot analysis suggested that the rcpmel cDNA was almost the full 

length (Wen et al., 1999). The transcription start site of the rcpmel gene was determined 

by primer extension. A primer was designed from nucleotide position +81 to +112 bp, 

represent the 5' end of the cDNA and annealed to sense strand (Fig. 2). The primer 

extension reactions were carried out with AMV reverse transcriptase and 20 ug of total 
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RNA extracted from induced root tips. The longest extension product corresponded to the 

nucleotides A, at 29 bp down stream the putative TATA box, and 22 bp upstream the 

start of cDNA (Fig. 4). 

Sequence analysis of transcriptional regulatory elements in the 5' flanking region of 

rcpmel gene 

The 5' flanking sequence of the rcpmel gene was searched for the binding sites of 

various transcription factors and transcriptional regulatory elements. Several motifs 

corresponding to known regulatory signals of eukaryotic gene expression were found 

upstream of the transcription start site (as indicated in Fig. 2). A putative TATA box 

sequence is present at nucleotides -29 bp. While a typical CAAT box is missing from 

proximal of TATA box. Two G-box like elements were located at -1074 and -2318 bp, 

also found is an I-box at -59 bp. The requirement of both G-box and I-box for inducibility 

by a variety of environmental signals has been reported (Manjunnath and Sachs, 1997; 

Donald et al., 1990). Two AC-rich sequences, CCAAACACCATCCAA, and 

CCAACCACAACA was present at -562 to -548 bp and -722 to -710, which are highly 

homologous with PAL promoter vascular specific cis element (Logemann et al., 1995). In 

bean, Arabidopsis and parseley PAL promoter sequences, these AC-rich elements 

coupled with G-box confer the tissue (including root tips and xylem) specific expression 

(Hatton et al., 1996; Seguin et al., 1997). In additions, nodulin promoter consensus 
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sequences AAAGT and CTCTT (Miao and Verma, 1993; Jorgensen et al., 1991) were 

present 4 and 11 repeats in the 5' flanking region. These nodulin promoter consensus 

elements suggest the involvement of this gene in the nodulation morphogenesis. Two 

long stretches of AT-rich elements within +250 to +350 may also suggest its role in 

nodule formation (Forde, 1994). 

Other c/5-elements were also found as follows. Two ACT boxes (Huh et al., 1997) were 

found at -2727 and -593 bp. Two SV40 enhancer core sequence were present at -1180 

and -293 bp. Other elements include PAL promoter consensus boxA at -555 bp and boxL 

at -716 bp (Logemann et al., 1995). An ethylene response element (GCCGCC) (Liu et 

al., 1995) was found at -1974 bp at -1967 bp. In addition, sequences that are highly 

similar to those for binding the transcription factor ATF was found in the 5' flanking 

region at (Lin and Green, 1988). Two putative GT2-like transcription factor binding sites 

(GGTAATT/A) (Gupta et al. 1998) were located at -1225 bp and . MYC and MYB 

binding sites (Gupta et al., 1998 ) at -1332, -259 bp and -2554 bp, were also identified, 

respectively. 

Promoter analysis of rcpmel gene 

The presence of several putative transcription factors and cis transcriptional regulatory 

sequences at the 5' flanking region, particularly within 1.2 kb firom transcription start site. 
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suggests this region is important in the regulation of rcpmel gene transcription. To 

examine the fimctional imit and expression patterns of the rcpmel promoter, a 2.75 kb 

and several 5' deleted sequences were fused to GUS reporter gene in pBIlOl binary 

vector (Clontech), to give constructs, namely pBIP, pBIPa, pBIPb, pBIPc, pBIPd. The 

promoterless GUS expression vector pBIlOl and bacterial background A. rizhogenes 

RIOOO were used as the controls (Fig. 3). 

Histochemical GUS staining was used to examine the rcpmel promoter activity in 

transgenic hairy roots carrying specific chimeric gene constructs. Among the approximate 

500 individual transgenic hairy roots examined, around 50% of the root tips showed GUS 

activity. All constructs containing 5' flanking sequences of rcpmel gene, even with 

deletion to 300 bp, showed GUS expression. As suggested by previous enzymatic assay 

(Stephenson and Hawes, 1994) and predicted from promoter sequence, GUS expression 

is strongly expressed in root tips and along the vascular tissues, with no expression in 

root hairs and border cells (Fig. 5A). Another site of strong expression is the hairy root 

primordia (Fig. 5B). Deletion of two putative vascular specific elements in some 

occasions resulted in GUS expression throughout root tissues without specificity (Fig. 

5C). The results of deletion of the 5' flanking region on GUS expression showed the 

trend that the longer the promoter region, the stronger the expression of GUS. Deletion to 

the point of 300 bp of 5' flanking region caused significant reduction in the intensity of 

GUS expression, although still mainly in the root tip region and along the vascular tissues 
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(Fig. 5D). Gus expression firom these constructs was occasionally observed in the 

peripheral layer of root tips, where the rcpmel mRNA is detected (Wen et al., 1999). The 

control hairy roots resulted from infection by A. rhizogenes RIOOO containing no foreign 

gene or promoterless GUS gene constructs never showed detectable GUS activity. 

The effects of the expression ofantisense rcpmel mRNA in transgenic hairy roots 

I. Inhibited border cell separation from root tips 

Wild type hairy roots have similar patterns of border cell separation to pea primary roots 

(Fig. 6A and 6B). A few seconds later after putting root tips of wild type hairy roots into 

water, the border cells readily dispersed (Fig. 6A). A smooth, clear surface at the tip 

region can be observed after removing separated border cells by a stream of water from 

Pasture pipette (Fig. 6B). The integration of transgenes into genome of transgenic hairy 

roots was confirmed by PGR amplifying the specific sequence in T-DNA region and 

genomic Southern-blot analysis (Fig. 7). 

Individual transgenic hairy root lines expressing antisense rcpmel mRNA showed 

inhibited border cell separation as judged by reduced numbers firom a single root tip 

(Table 1). Compared with the wild type hairy roots, a decrease of 40-70% in numbers of 

the border cells was observed. When placed into water, the mass of cells failed to 
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disperse, or fell o£F from tips as a clump, rather than as individual cells (Fig. 6C). In 

addition, the surface at the root tip region appears rough, due to incomplete border cell 

separation (Fig. 6D). This phenotype of rough surface can be seen even after several 

hours in water. This was interpreted as the inhibited process of border cell separation 

from root tips, due to transgenic expression of antisense rcpmel mRNA. This phenotype 

remained stable after several months of subculturing on plates. 

Table 1. Decreased border cell numbers from transgenic hairy root clones expressing 

antisense rcpmel mRNA 

Transgenic clones Wild type R1000 antisense 4 antisense? antisense 8 

border cell numbers 833 ± 53 525 ± 41 246 ±55 517 ± 12 

The number is from the average of at least 10 independent root tips from different 

transgenic clones. Root tips were immersed into 200 uL water in a microfuge tube and 

remained in water for two minutes. Border cells were removed by gently agitating root 

tips with a stream of water from a Pasture pipette 2-3 times. The roots were removed and 

a aliquot of the border cell suspension was counted directly under the microscope. RIOOO 

represents wild type hairy roots and antisense 4, 7 and 8 are different clones of transgenic 

hairy roots expressing antisense rcpmel mRNA. 



146 

2. Inhibited root tip development 

Root tips of wild type hairy roots showed similar morphology to pea primary roots, with 

the typical, long root tips and root hairs graduallyemerging from 0.3-0.5 mm behind the 

tips (Fig. 8A). Root tips of transgenic hairy roots expressing antisense rcpmel mRNA 

showed inhibited development. Typical morphology of wild type root tips was replaced 

by much shorter tips (Fig. 8B), with the root hairs emerging much closer to root tip. This 

phenotype suggested that rcpmel may be involved in other events of root development 

and difTerentiation, in addition to the process of border cell separation. 

i. Stunted hairy root development 

After approximately 2 weeks on plates, wild type hairy roots readily emerged and grew 

into typical root tips (Fig. 9A, arrow). Hairy root development was strongly stimted in 

hairy roots expressing antisense rcpmel mRNA (Fig. 9B, arrow), compared with that of 

wild type hairy roots at the same development stage. In some transgenic lines, the hairy 

roots did not develop from primordia after 2-3 weeks. 

Discussion 
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Previous work showed that the transcript levels of rcpmel are correlated with the process 

of border cell separation (Stephenson and Hawes, 1994). Expression of rcpmel mRNA 

driven by CaMV 35S promoter inhibited border cell separation, yet the inhibition effects are 

transient (Wen et al., 1999). To further understand the molecular mechanisms of border 

cell separation, a native promoter of rcpmel was cloned and functionally analyzed. 

The determined sequence of the regulatory region of rcpmel gene revealed several 

putative regulation features of this gene. The coupled presence of G-box-like sequence 

motif and I-box suggest the effect of environment signals on the expression of rcpmel 

gene. This feature is consistent with the previous reports that dipping tip into water, 

mechanical wiping and high level carbon dioxide treatments enhance border cell 

separation process, in which rcpmel is involved (Brigham et al., 1998; Zhao et al., 1999). 

The effect of those treatments is presumably due to overriding endogenous inhibitory 

signals. The core sequence of a G-box like sequence ' ACGT' is present in a wide variety 

of plant genes associated with diverse expression properties, including the light inducible 

Arabidopsis rbcS-lA gene, UV-light-inducible chalcone synthase gene in parsley and 

ABA-inducible wheat early methionine {Em) as well as barley hva22 (Manjurmath and 

Sachs, 1997). All of the above inducible promoters require two tjrpes of cw-acting 

elements, highly conserved G-box and another sequence that is not conserved among 

different inducible systems but is essential to confer signal inducibility, like the 

Arabidopsis rbcS-lA gene (Donald et al., 1990). Another interesting feature is the 
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presence of two AC-rich sequences, CCAAACACCATCCAA and CCAACCACAACA 

(at -562 to -548 bp and -722 to -710, respectively), which are highly homologous with 

PAL promoter vascular specific cis elements. In bean, Arabidopsis and parsley PAL 

promoter sequences, these AC-rich elements coupled with G-box confer tissue (including 

root tips and xylem) specific expression (Hatton et al., 1996; Seguin et al., 1997). In fact 

the expression pattem of rcpmel is similar to the previously reported expression patterns 

of the PAL promoter in hairy roots (Nicoll et al., 1994) and in other transgenic plants 

(Hatton et al., 1996; Seguin et al., 1997). The presence of multi-copies of consensus 

sequences of early and late nodulin gene promoters suggests that rcpmel may also play a 

role in legume nodule formation (Miao and Verma, 1993, Jogenesen et al., 1991), as cell 

wall metabolism certainly is critical in nodule morphogenesis (Brewin, 1991). Within the 

5' flanking region, there are also two long stretches of AT-rich sequences (around -250 

and -400 region), the fimctions of these sequences are not known, however several 

nodulin genes and other plant genes also have these AT-rich motifs in the promoter 

region (Forde, 1994). 

In the transgenic hairy roots expressing antisense rcpmel mRNA driven by its own 

promoter, normal border cell separation was inhibited as shown by decreased border cell 

numbers fi-om the root tip of an individual hairy root The decreased border cell number is 

accompanied with the phenotype of rough root tip surface after the root tip being washed. 

Such rough root tip surfaces were not observed in wild type hairy roots. The phenotype of 
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rough root tip surfaces were interpreted as incomplete cell wall degradation and inhibited 

border cell separation. These results are consistent with previous results by antisense 

expression driven by CaMV 35S promoter, suggesting that rcpmel is one of the genes 

involved in the process of border cell separation and that its expression plays a critical 

role inthis process in pea root tips. Another phenotype from the expression of antisense 

rcpmel mRNA is stunted hairy root development and abnormal root tip morphology. 

Compared with hairy root development with that of wild type hairy roots, hairy root 

development was strongly stunted in transgenic hairy roots expressing antisense rcpmel 

mRNA. As suggested by the GUS expression patterns (Fig. 5B) (strongly expression in 

vascular tissues and hairy root primordia), the expression of antisense rcpmel is likely 

affect the normal development and differentiation on hairy root emergence from 

primodia. Also observed is that the typical long root tip was replaced by a much shorter 

tip. As suggested by the GUS expression patterns (strong in the root tip region), this 

probably is because the normal cell wall metabolism at root tips was altered, so root tip 

elongation is therefore affected (Fig. 5A). For such a potentially ubiquitous gene in cell 

wall metabolism as PME, it is probably not surprising to have these phenotypes by 

expression of antisense rcpmel RNA. 

One important feature of the expression of antisense rcpmel mRNA by its own promoter 

is that the phenotypes are permanent, which can be shown by the stable phenotypes after 

transferring several months on B5 plates, in contrast, previously the phenotypes resulted 
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from the CaMV 35S promoter driven expression of antisense rcpmel mRNA disappeared 

after two weeks (Wen et al., 1999). The results of antisense mutagenesis indicated that a 

pectinmethylesterase encoding gene, rcpmel, plays an important role in this unique process 

of cell dissociation from root tips and each other. These results are consistent with the 

proposed fimctions of this gene in border cell separatioiL 
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Figure 1 

Restriction maps of the cloned genomic DNA containing rcpmel gene. 

The map shows the insert in pBSHS5, which contains the 5.2 kb Hindlll and Sstl 

from phage clone 5112. The restriction maps were constructed after analysing a 

restriction digestions and Southern blots probed with rcpmel eDNA fragments. The 

restriction sites are: B: Bglll; E: EcoRV; P: Pstl; H: Hindlll; S: Sstl. Coding region 

shown in dark shaded area and intron were shown in light shaded 
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tqt'}•>:lt·J t taa: t -::gqt-: L ~ 'lcaqCTGCTGTTGGAGATGGGTTTATAGCTCAGGACATAGGGTTCCAAAACACGGCAGGCCCAGAAAAGCACCAGGCAGTTGCTCTCCGCGTAGGTGC 

A A V G D G r I A Q D I G r Q N T A G P E K H Q A V A L R V G A 
TGATCAATCTGTCATCAACCGTTGTAAAATTGACGCATTTCAAGACACCCTCTACGCACACTCCAACCGACAATTTTACCGTGACTCCTTCATTACCGGTAC7GTTGACTTTATCTTTGG 
DQSVINRCKIDAFQD7LYAHSNRQFYRDSFIT G TV OFI!'G 

Motif II 
AAACGCAGGTGTTGTGTTCCAGAAGAGCAAACTTGTGGCCCGAAAGCCCATGAGCAACCAAAAGAACATGGTCACGGCCCAAGGTCGAGAAGACCCAAACCAGAACACTGCAACTTCAA T 
~ A G V V r Q K S K L V A R K P M S N Q K N H V T A Q G R E D P N Q N T A T S : 

TCAGCAA TGTAATGTCATACCAAGCTCGGACCTCAAGCCTGTGCAAGGCTCCATCAAAACATACCTAGGCCGCCCATGGAAGAAA TACTCCAGGACTGTTGTGTTGCAGTCCGTCGTAGA 
Q Q C N V I ? S S D L K P V Q G S I K T Y L G R P 1'1 K K Y S R T V V L Q S V V D 

CAGCCA':'ATTGACCCAGCAGGATGGGCTGAATGGGA7GCCGCGAGTAAGGATTTTCTGCAAACATTGTATTACGGAGAGTACTTGAACAGTGGAGCAGGTGCTGGTACCAGCAAGAGAGT 
S H I D P A G \·I A E \'/ D A A S K D r L Q T L Y Y G E Y L N S G A G A G T S K R V 

GACTTGGCCTGGTTATCATATCATCAAAACTGCTGCAGAGGCTAGCAAGTTTACAGTGACACAGCTCATCCAGGGTAATGTTTGGTTGAAGAACACAGGGGTAGCCTTCATTGAAGGCCT 
TNPGYHIIKTAAEASKFTVTQLIQGNVNLKN'!'GVAF:EGL 

GTAGAAA TTGGCTTCGGCAGGCGTGTACTATTATGTTTTTGATATGAGTGAAA TTTGCAGGMATAAN\CAGAAACATTATCCTTTATGGAAGAA TGAGGTTTAA TTAAAAAAA TTTCCT 
.-.::..__ Panti3 --

ACATACGATGTAACAAC7GTTCTTCTACCAATGTTAAAATGAATGCCACATGTCTGGAAAATJ\AACTTTGTAGTTACAACAAAAATCTTTGACAATCTATCTTACACTTAAGGAAAAAAT 

TCTTATAAATACAT'::ATTATCTAGATTCGA.~TATCCTAATCGACTTTAACTTTCATTCATGAATGAAATATCCC~CACCGAAGTATTTGATAAATATTTGGAAGACCAAAATGTGCA 
ACTAGAAAGGATGTGCAACTAGAAAGGATGAGAGGAGCCATGTTAACATTGCTACATACTACGTACCCAGTAAA TTTGAGTAA TAAAA TGCAAACCTGTAAAAAAGGCATCATTTGAAAC 
TGCAGCTAAGTGTGATTGCATTCTTTCCAAAGCATCCAGCAAAA TGATAA TTGACTGCACTGTCCTTCTTTCACTTTGTGACGGACACTTT AAA TTGTCGTTGATTATAGGGATTTTGAT 
CTCTGATGTTTCATTCAAGC 
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Figure 2. Nucleotides sequence of the 5.2 kb Hindm and SstI region and deduced amino 

acid sequence of a pea pectinmethy [esterase, rcpmel, protein. The nucleotides sequence 

was determined by the dideoxynucleotides chain termination method- The A residue of 

the transcriptional start site (as determined by primer extension) is considered as +1. The 

intron, identified aiter comparing the sequences of cDNA and the genomic fragment, is in 

lower case, with intron jimction in boldface. The end and start of cDNA were indicated 

by vertical arrows. The predicted amino acid sequence is shown below the nucleotide 

sequence, the conserved motif in PME family were under lined and boldfaced for 

conserved amino acids. Putative transcription factor binding sites in the 5' flanking 

region are underlined and transcription factor type is written above the sequence. TATA 

box and AATAAA polyadenylation signal were underlined and in boldface. Primer 

sequence used for generating GUS reporter genes and antisense constructs are underlined 

and with primer name above the sequence with arrow showing the primer direction. 
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rcpmel promoter GUS-reporter 

PBIP -2750 

PBIPa -1813 L 

PBIPb 

PBIPc 

PBIPd 

PBIIOl 

-998 

-300 

Figure 3. 

Gus reporter gene constructs with rcpmel gene promoter. 

Full length 5*flanking region of rcpmel gene in pBSHS5, and several 5' deleted fragments were fused to 

GUS reporter gene in binary vector pBIIOI 



T G C A 20 25 30 35 40 ug 

Figure 4. 

Determination of the transcription start site of pea rcpmel gene. 

The transcription start site was determined by primer extension. Total RNA from 
induced pea root tips and a 31 mers, Prex, corresponding to the 5' end sequence of 
rcpmel eDNA were used. The primer extension reactions were carried out with AMV 
reverse transcriptase and 20-40 ug of total RNA extracted from induced root tips. The 
primer-extended products were separated by electrophoresis on a 6% polyacrylamide 
gel. To estimate the size of the extension product, sequencing reactions performed on 
PBSHS-5 (which containing 5.2 kb genomic fragment including the whole coding 
sequence of rcpmel) using same primer were run alongside. The longest extension 
product corresponded to the nucleotides A, at 29 bp down stream the putative TATA 
box, and 22 bp upstream the start of eDNA. 
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Figure 5. 

G expre.'sion patterns under Lhe drive or rcpme I promoter in 

transgenic hairy roOL' 

The major e pres,' ion :ites c.u·e the rom tip region ·tnd along Lhe 

vas ·ular Lissues. 

13. Hairy root primordia me aL·o Lhe .' ites or .'Lrong expression. 

, Deletion or two C-rich mmii's causes the expressi n all over 

the rooL Li ·:ues. 

I . Decreased imensity or G , e pres.' ion driven b shoncsL . 00 bp 

5' llanking .'eljUCilCe ·. 
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Figure 6. 

Phen types l' inc mplete border cell ·cparation n·om tr n ·genic hairy root 

ex pres ·ing a11Li:cn ·e rcpme I mRN . 

. Wild type root immcuiaLCiy after placing root tips into water border cells 

arc rcauily uispcr:eu (arrow). 

I . Willi type rom after horuer cells heing removeu hy a :tream or water rrom 

Pa ·turc pipcllc leaving a sm J nh. clear surface at r )Ot tip (arrow). 

C. Root tip or a transgenic hairy root expressing amiscnsc rcpme I mR:'-1 

immeuiately after placing root tip inLo w·uer, border cells stick to 

ro H tip as a clump (arrow). 

I . Rt ot tip or transgenic hairy root-· expressing antisense rcpme I mR1 

after hon.lcr cell· being rem ved hy a :trcam or water rrom 

I asture pipclle. leaving a rough surracc at root tip · (arrow). 
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1 2 3 4 5 6 7 
A 

DNA templates: 
1. Genomic DNA from wild type hairy roots (Rl 000) 
2. Genomic DNA from transgenic line of antisense 4 clone 
3. Genomic DNA from transgenic line of antisense 7 clone 
4. Genomic DNA from regular pea plants 
5. DNA size markers 
6. Binary vector DNA as positive control 
7. No DNA control 

R l 000 Anti Pea + CK RIOOO Anti Pea 

B c __ J __ ~ -- l ___ _ 

Figure 7. 

Confirmation of the presence of trans gene in the genome of transgenic hairy 
roots expressing antisense rcpmel mRNA by PCR or genomic Southern blot. 

a. PCR amplification of vector specific sequences 

b. Genomic DNA from regular pea plant, wild type hairy roots and the transgenic 
hairy roots expressing antisense rcpmel mRNA. The genomic DNA was 
digested by Hindiii and Sstl and separated on a 0.8% agarose gel. 

c. The gel was blotted and probed with vector-specific fragment and exposed on 
X-ray film. 



Figure 8. 

Abnormal root tip morphology from transgenic hairy roots 

expressing antisense rcpmel mRNA. 

A. Normal wild type hairy roots with typical root tip morphology, 

resembling pea primary roots. 

B. Root tip from transgenic hairy roots expressing antisense 

rcpmel mRNA which showed short tips and root 

hairs emerging close to the tip. 
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Figure 9. 

Stunted hairy root development in transgenic hairy 

roots expressing antisense rcpme I mRNA. 

A. Wild type hairy roots with active root development, as shown by hairy roots 

readily emerged from parent root. 

B. Transgenic haity roots expressing antisense rcpm.e 7 mRNA at the same 

developmental stage, root emergence is strongly stunted as showed by many 

primordia failed to come out from parent roots (arrows). 
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Appendix D. 

Zhu Y, Zhao X and Hawes MC. 1998. Effects of regulated border cell 

separation processes on the induction of Rhizobium leguminosarum bv 

viciae nod reporter gene by root tip exudates and nodulation on pea roots 
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Summary 

The relationship between border cell separation from pea root tips and the induction of 

the nod reporter gene from Rhizobium leguminosarum bv viciae as well as the effect of 

border cell separation on the nodulation process on pea roots were investigated. The 

results from this study showed that increased nod reporter gene induction correlated with 

enhanced border cell separation. Inhibition of border cell separation in transgenic hairy 

roots resulted in decreased induction level of nod reporter gene. A larger number of 

nodules formed on pea roots under the conditions of higher induction level of nod gene 

expression. These results are consistent with the hypothesis that the process of border cell 

separation from root tips of pea contributes to the release of nod gene inducers of 

Rhizobium leguminosarum bv viciae. 
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Introduction 

The rhizosphere is defined as the narrow zone of soil subject to the influence of living 

roots, as manifested by the leakage or exudation of substances that affect microbial 

activity (Curl and Truelove, 1986). Plant-microbe interactions in the rhizosphere have 

been a subject of research for almost a century (Rovira, 1991). Such interactions involve 

multiple biotic and abiotic factors and the outcomes can range from severe root diseases 

to effective symbioses. Our understanding of rhizosphere interactions has progressed to 

the point where the microorganisms in the rhizosphere are being managed to increase 

plant growth (Rovira, 1991). Applications of plant growth promoting rhizobacteria 

(PGPR) (Kleopper, 1988) and commercialized biocontrol agents (BCA) (Kerr, 1980), and 

efforts to maintain high population of effective rhizobia in the rhizosphere (Caetano-

AnoUes and Gresshofif, 1991) are a few examples. 

Plant root exudates are the driving force for rhizosphere interactions. Several cellular 

sources contribute to the process of root exudation, including active secretion of high 

molecular weight mucilage, leakage during lateral root emergence, and shedding of 

epidermal cells and root hairs. Depending on plant age, physiological status and 

enviromnental conditions, the composition of root exudates varies and an estimated 20% 

or more of plant dry weight is released from roots into the soil (Curl and Truelove, 1986). 

The major components in plant root exudates are carbohydrates, amino acids, organic 
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acids, lipids, growth factors and enzymes (Curl and Truelove, 1986). While the major 

carbohydrate-based root exudates mainly serve as common nutrient sources for the 

riiizosphere microorganisms, the chemicals in small amount and of low molecular weight, 

often labeled as "miscellaneous chemicals", may act on some rhizosphere 

microorganisms specifically (Estabrook and Yoder, 1998; Peters and Verma, 1990). The 

flavonoids and isoflavonoids, originating from the phenylpropanoid pathway and exuded 

by the roots of host plants, have been shown to play a critical role as the early signals for 

initiating Is^oxDS-Rhizobium symbiosis, by inducing Rhizobium nodulation (jiod) gene 

(Peters and Verma, 1990, Fisher and Long, 1992; Denarie et al, 1992). Nevertheless, the 

molecular mechanisms of root exudation, including the release of nod gene inducers, 

remain unknown (Denarie et al., 1992; Koes, 1993; Caetano-Anolles and GresshofiF, 

1991; Denarie et al., 1996). Limited available data suggested that root tips, among other 

sources, are the major sources for the release of these specific compounds (Graham, 

1991; Long, 1989). Molecular dissection of the process of root exudation can eventually 

lead to the genetic engineering of plants to manz^e rhizosphere interactions, including the 

control of the release of nod gene inducers. 

Many plants are programmed to produce thousands of intact, living somatic cells from 

root tips, together with cell wall break-down material, and to release them into the 

rhizosphere daily (Hawes et al., 1998; Hawes and Pueppke, 1986). These cells are 

referred to as "border cells" to emphasize that under natural conditions populations of 
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these detached cells constitute a physical and biological interface between root surface 

and soil environment (Hawes and Brigham, 1992). Without removing the separated cells 

from root tips, the process of border cell separation ceases with a species-specific 

maximum number of border cells (Hawes and Pueppke, 1986). The process of border cell 

separation is restarted by removing the separated cells &om root tips; this inducible feature 

makes it a usefiil system in the laboratory, since the biological events can be easily 

synchronized with the process of border cell separation at either physiological or molecular 

level. 

We proposed that the process of border cell separation and border cells per se are a major 

source of microbial gene inducers (Hawes et al., 1998). The rhizosphere of a root with 

border cells is distinct in its biochemical, biophysical and ecological properties from that of 

a root without border cells. Regulation of the process of border cell separation may offer 

the chance to manipulate plant-microbe interactions in the rhizosphere (Hawes et al., 1998). 

Plant signal molecules released from the process of border cell separation at root tips could 

be particularly important, compared with those released from other parts of roots, due to the 

timing and the site of their release in relative to plant-microbe associations at the common 

infecting sites at elongation zone behind the tips. 

In this study, the relationship between the process of root border cell separation from root 

tips of pea and the release of nod gene inducers was investigated. The experimental 
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approaches included the use of physiological and genetic approaches to manipulate 

border cell production. The results from this study showed that enhanced border cell 

separation in pea was correlated with a higher level of induction of nod reporter gene of 

Rhizobium leguminosartm bv viciae. Inhibited border cell separation was correlated with 

a decreased induction level of nod reporter gene. A larger number of nodules formed on 

pea roots under the conditions which resulted in increased nod reporter gene expression. 

These results are consistent Avith the hypothesis that border cell separation from root tips 

of pea play a role in the release of nod gene inducers. 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Pea seeds {Piston sativum L. cv "Litde Marvel" from Royal Seeds, Kansas City, MO) were 

surface-sterilized by immersion for 10 min in 95% ethanol, followed by 30 min in full-

strength commercial bleach. Seeds then were rinsed 6 times in distilled water and allowed 

to imbibe in water for 6 hr. After removing swollen or discolored seeds, seeds were placed 

on petri plates containing 15 mL solidified water agar (1% w/v) overlaid with germination 

paper (Anchor P^jer, Hudson WI) and incubated at 24°C for 2 to 3 d in darkness. 
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"Root tip exudate" is defined here as all materials that can be washed fix)m the tips of roots, 

including border cells. Root tip exudate is obtained by agitating only root tips (0.5 to 1 cm) 

in water, using a stream of water &om a Pasteur pipette to remove all materials &om the 

root and then centrifuging to pellet border cells. Care was taken to ensure that no part of the 

seed or upper parts of the root touched the liquid. Excluding chemicals that may have 

diffused into the germination paper and/or the water agar during germination, "root tip 

exudate" includes all material secreted by cells of the root tip and by border cells, and all 

chemicals from cell walls released as border cells separate from the root during 

germination. As a standard, root tip exudates used in this study were collected in a 

concentration of 5 roots in 1 mL water. 

Regulated Border Cell Separation 

Under lab conditions, each pea root tip produces about 4000 border cells 24 hr after the 

root radicle emerges from the seed (with radicle 25 mm in length) or 24 hr after the 

removal of pre-separated border cells (Hawes and Pueppke, 1986). Previous results showed 

that dipping the root tip in water for 1-2 seconds or treating the whole seedling with 

increased COj for 72 hr causes border cell number to double (Brigham et d., 1998; Zhao et 

al., 1999). These two treatments were employed to increase the activities of border cell 

separation to test the correlation of border cell separation activity and the induction of nod 

reporter gene of Rhizobium leguminosarum bv viciae (see below for details). Under lab 
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conditions, the process of border cell separation ceases after a species-specific maximum 

number of border cells separated (Hawes and Pueppke, 1986); washing off the pre-

separated border cells at root tips, the process of border cell separation will be reinitiated, 

until a new set of border cells separated. Renewed border cell was included also as a 

treatment for a regulated process of border cell separation. 

Transgenic Hairy Roots Expressing Antisense rcpmel mRNA 

Individual transgenic clones of hairy roots expressing antisense rcpmel mRNA driven by 

its own promoter (Zhu, et al., 1999) were used to examine the relationship between reduced 

border cell separation and nod reporter gene expression. Root tip exudates from wild type 

hairy roots resulting from infection of Agrobacteriim rhizogenes RIOOO (containing no 

foreign gene) were used as control. The root tip exudates were collected by immersing the 

tips (0.3-0.5 cm) of excised tips of hairy roots into water in microfuge tube, with the upper 

part of root along the wall of tube. After 5 min, root tip exudates were collected (Hawes and 

Lin, 1990). The roots were then removed. The root tip exudates included soluble chemicals 

and border cells \^ch can be washed from this process. 

Bacterial Strains and Growth Conditions 
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The lacZ reporter strain used in this study is RBL5560 pMP154, a derivative of R. 

leguminosarum bv viciae LPR5045, which contains the sym piasmid of R. leguminosanan 

bv viciae 248, and also pMP154, (derived from IncQ expression vector pMP190, Sm', Cm"). 

This strain harbors a fusion gene consisting of lacZ expressed under the control of the 

promoter controlling expression of genes in the nodABCU operon of R. leguminosanan bv 

viciae. The Rhizobiian strain was grown in liquid yeast extract-mannitol (YEM) medium 

supplemented with chloramphenicol (10 {ig/mL) (Spaink et al., 1987; van Brussel et al., 

1990). Bacterial cultures were prepared by inoculating a single colony to 100 mL liquid 

medium and grown to logarithmic phase at 28°C for 18 to 20 h. Bacterial cells were 

collected by centrifugation and washed twice with sterile distill water to remove residual 

medium, then resuspended in water. Bacterial concentration was estimated by measuring 

the absorbance at OD^ (and confirmed by testing samples with direct plate counts) and 

then adjusted to a concentration of 2 x 10* cells per mL for induction assays. 

Quantitative Assay of Reporter Gene Activity 

Cocultivation of bacteria and root tip exudates: Bacteria were prepared as described above 

and mixed 1:1 with root tip exudates, for a final standard concentration of 10' cells per mL, 

and incubated for 16 h at 10 °C. Cocultivation was carried out in the dark, without shaking. 
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P-galactosidase assay: In all nod gene induction experiments, values represent p-

galactosidase activity levels accumulated during the cocultivation period. The P-

galactosidase assay was carried out under standard conditions at pH 7.0 and 28°C. Enzyme 

activity is expressed as Miller units (Miller, 1972). At the end of cocultivation, the mixture 

of plant and bacterial cells was pelleted and resuspended in 0.5 mL Z buffer and the 

absorbance at ODeoo was measured. Following vortexing with 20 of chloroform and 20 

|iL of 0.1% SDS, the enzyme assay was started by adding 100 jaL of O-nitrophenyl-p-D-

galactoside (ONPG) (Sigma) at 4 mg/mL. The reaction was allowed to proceed for 5 min, 

and stopped by adding 250 (iL of 1 M NajCOj. After pelleting cell debris, the OD420 was 

measured and Miller units were calculated by the following formula; (OD420 x 1000) / 

(ODfioo X time of reaction in min). Controls for each experiment included bacteria without 

root tip exudates, and root tip exudates without bacteria. Root tip exudates never 

contributed significantly to the optical density, and never exhibited measurable p-

galactosidase activity, under the conditions tested. Each sample was tested in duplicate, and 

all experiments were repeated at least twice. 

Growing of Nodulating Strain of Rhizobium leguminosarum bv viciae 

A pea nodulating strain of Rhizobium leguminosarum bv viciae was grown on RDM plate 

with 100 ug/mL streptomycin at 29-30 °C for 1-2 days. A single colony was used to 

inoculate 5 mL RDM with 100 ug/mL streptomycin at 29-30 °C for 1-2 days. Five mL of 
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culture was transfer to 100 mL RDM without any antibiotics in a 500 mL and incubated 

overnight at 29-30 °C with shaking. Cells was collected by centrifligation at 5000 rpm for 

5 min. Cells were washed with sterile, distilled water 4 times to remove any residual 

nitrogen left in the medium. Bacteria used for inoculation was in a final concentration of 

^^600 ~ 0.1. 

Inoculation and Nodulation Assay 

Commercial sand was autoclaved twice with one day interval and used to fill 3" 

disposable pots. The sand was watered before the seedling was transplanted to the pot, 

with excessive water being drained from the holes at the bottom of the pots. Pea seedlings 

with 2-3 cm radicle with or without removal of border cells were prepared for nodulation 

assay. A single pea seedling was transplanted into each pot, with a total of 10 seedlings 

for each treatment. Mock inoculation was carried out by replacing bacterial suspension 

with water. 

Inoculation was carried out by dipping the root tips in bacteria suspension before 

transplanting seedling to the pots. Alternatively, inoculation was carried out by adding 2 

mL of bacteria along the upper parts of pea root after transplanting the seedling to pots. 

Pea seedlings in the pots were grown at 20°C, with a 16 hr photoperiod, and 2 |j£ m^s ' 

light intensity (Feam and LaRue, 1991). The pots were watered every other day, 3 days 
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after transplanting, with 10 mL of modified Hoagland solution, in which the nitrogen 

containing components were replaced with other chemicals and with pH at 6.2). 

Results 

Indnction of nod reporter gene expression by root tip exudates from roots with 

altered border cell separation 

Previous results showed that root tips are a major site for the release of nod gene inducers 

(Graham, 1991; Peter and Long, 1989). Border cells separated firom root tips have also 

been shown to contribute nod gene inducers (Zhu et al, 1998). Several treatments of pea 

roots (high COj level, removing border cells, or dipping the root tip into water) have been 

shown to enhance the process of border cell separation (Brigham et al., 1998; Zhao and 

Hawes, 1999). 

If the process of border cell separation is a major source of nod gene inducers, a 

prediction is that enhanced border cell separation will result in an increased level of 

release of nod inducers. Root tip exudates from pea with regulated border cell separation 

process were used as a source of nod gene inducers to induce the reporter strain of R. 

legtminosarum bv viciae. Root tip exudates from untreated root tips resulted in an 

induction level of nod reporter gene at a 650 Miller units (Fig. 1). The treatments which 
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double the border cell number resulted in a significantly increased induction level of nod 

gene expression. For both treatments, high CO2 levels and dipping the root tips, induction 

levels of mid gene expression increased 40% - 60%. Inducing renewed border cells showed 

a higher induction level of nod reporter gene (Fig. 1). The higher induction level of nod 

reporter gene expression was detected from the root tip exudates of enhanced border cell 

separation or newly separated border cells. 

Induction of nod reporter gene by root tip exudates from transgenic hairy roots 

expressing antisense rcpmel mRNA 

Expression of the antisense mRNA of rcpmel, a pea root tip expressed 

pectinmethylesterase (PME) gene, in transgenic pea hairy root showed inhibited border 

cell separation (Wen et al., 1999; Zhu et al., 1999). Root tip exudates from such transgenic 

hairy roots, compared with that from wild type pea hairy roots, showed significant 

reduction in the induction level of nod reporter gene of R. leguminosanim bv viciae (Fig. 

2). The inhibited border cell separation from root tips of transgenic hairy roots was 

correlated with a lower induction level of nod gene expression. 

Nodulation assay 
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Newly separated border cells resulted in a higher induction level of nod reporter gene 

(Fig. 1). Experiments were carried out to test if the observed increased induction level of 

nod reporter gene is correlated with the nodulation process. When roots were inoculated 

by dipping in inoculum, the number of nodules after 4 weeks formed on roots with 

renewed border cell separation was two times higher than controls(Fig. 3a). Using a 

higher inoculation level, the nodule number did not show a significant difference between 

two treatments (Fig. 3b). 

Discussion 

During the last 15 years, one of the major achievements in rhizosphere studies was the 

identification of specific components of root exudates which can influence plant-microbe 

interactions at gene-specific levels. Phenolic compounds fi-om root exudates are one 

group of these chemicals (Peters and Verma, 1990; Estabrook and Yoder, 1998). Using 

reporter genes it has been demonstrated that the region surrounding the root tip is a primary 

source of chemicals that affect Rhizobium nod gene expression (Djordjevic et aL, 1987; 

Peters and Long, 1988). The region of intense reporter gene induction at the root tip 

corresponds to the area where border cells are separated and released (Hawes and Pueppke, 

1986). Previous study have shown that border cells per se are a potentially significant 

source of nod gene inducers (Zhu et al., 1997 ). In the present study, the effect of border 

cell separation on the release of nod gene inducing chemicals was monitored nod reporter 
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gene assays. Treatments which enhance or inhibit the border cell separation process were 

employed to test the relationship between this process and the release of nod gene 

inducers. In each case, renewed border cell separation was correlated with a significant 

increase in reporter gene assays. This is the first experimental data showing altered border 

cell separation is correlated with microbial gene expression. 

Previous work has shown that expression of a pectinmethylesterase in root tips of pea is 

correlated with border cell separation (Stephenson and Hawes, 1994). The expression of 

antisense rcpmel mRNA in the transgenic hairy roots caused the inhibition of normal 

border cell separation, as shown by decreased border cell nionber (Wen et al., 1999; Zhu et 

al., 1999). Root tip exudates fix)m transgenic hairy roots with inhibited border cell 

separation showed a 50% reduction in nod gene expression, compared with those firom 

wild type hairy roots. These results are consistent with earlier experiments showing that a 

change in plant gene expression can cause qualitative or quantitative changes of the root 

exudates (Atkinson et al., 1975; Guyon et al., 1992). 

The molecular mechanisms of the treatments to increase border cell separation by CO, 

and dipping root tips are not understood. These treatments presumably cause the changes 

in plant gene expression by overriding endogenous signals which result in the ceasing of 

border cell separation. The observed higher nod gene expression by these treatments 

suggests that more active nod inducers (non oxidized flavonoids) or more inducers are 
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being secreted by newly separated border cells, or &om the enhanced process of border cell 

separation. Alternatively, there could be a change in the balance between nod gene inducers 

and inhibitors by these treatments. 

The resvilts from nodulation assays indicate that the release of nod gene inducers from 

root tips of pea can be critical for the actual nodulation process under certain conditions. 

These results suggest that if the process of border cell separation is altered, a different 

biological outcome, as shown here by the nodulation process, can occur. 

In the Isgvaae-Rhizobium interactions, flavonoids have been shown to be a rate-limiting 

factor for nodule formation in some hosts, by the addition of luteolin to the plant growth 

medium (Kapulnik et al., 1987) and breeding experiments (Peter and Verma, 1990). The 

relationship between border cell separation and the release of nod gene inducers could 

offer an important and practical tool to regulate the signal exchange at the initiation of 

this symbiosis. Enhancing the release of nod inducers by genetically engineering plants 

may lead to a more efficient legame-rhizobiimi symbiosis. 
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Figure 1. 

Induction of R. leguminosarum bv viciae nodABCIJ-lacZ reporter genes i 

response to chemicals from root tip exudates of pea. Bacteria (2x1 08/mL) were 

mixed with same volume of root tip exudates ( 5 roots I mL) and incubated wit 

root tip exudates at 1 0°C for 16 h. Control bacteria were mixed with water. 

Enzyme activity in bacteria was then assayed at 28°C as described in Materials and 

Methods. Values are means and standard errors from duplicate samples in at least 

two independent experiments. 
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Figure 2. Induction of R. leguminosarum bv viciae nodABCIJ-lacZ reporter 

genes in response to chemicals from root tip exudates of transgenic hairy root o 

pea (see Material and Methods). Bacteria (2xl08/mL) were mixed with same 

volume of root tip exudates ( 4 hairy roots I mL) and incubated with root tip 

exudates at l0°C for 16 h. Control bacteria were mixed with water. Enzyme 

activity in bacteria was then assayed at 28°C as described in Materials and 

Methods. Values are means and standard errors from duplicate samples in at 

least two independent experiments. 
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•washed I 

Nodulation assay on pea by R. leguminosarum bv viciae. a. Limiting inoculation 

by dipping root tips (3-5 mm) in bacteria suspension with OD600 = 0.1 (see 

Materials and Methods). Saturated inoculation by dripping 2 mL bacteria wit 

OD600 = 0.1 along the roots of planted seedling. Number represented the 

percentage of nod~.I1e numbers formed on roots of washed root tips in related to 

unwashed roots. Each number are average from at least 30 roots. 
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