
ABSTRACT 

 

WEERASINGHE, RAVISHA RISANTHI. Rhizobial-Legume Symbiosis and Root Knot 

Nematode Parasitism: Common Signal Transduction Pathways in Legumes. Under the 

supervision of Drs. Nina Strömgren Allen and David McKenzie Bird. 

 

Nodulation is an ecologically and economically important plant phenomenon, in which the 

symbiosis between plants from the family Fabaceae and the bacterial genera rhizobia results 

in the development of nitrogen fixing nodules on host plant roots. The rhizobia-plant 

interaction is initiated by Nod factors, which are produced by species-specific rhizobia; Nod 

factor alone is necessary and sufficient to produce many of the initial responses including 

ionic fluxes, root hair deformation, changes in gene expression, cortical cell differentiation 

and generation of a pseudo nodule. 

 

Giant cell formation by plant pathogenic root knot nematodes (RKN) invokes host genes 

necessary for nitrogen-nodule formation. Specific transcription regulators, cytokinin response 

pathways and early nodulation genes are induced in the nematode feeding site and rhizobia 

induced nodules. This suggests that nodulation by rhizobia and RKN infection may share 

host signal transduction and/or developmental pathways. The presence of horizontally 

acquired nodulin (bacterial genes encoding Nod factors) genes in Meloidogyne incognita is 

consistent with this concept and indicates that RKN might produce functionally equivalent 

signaling molecules capable of inducing similar downstream events.  

 



Since cytoskeleton involvement during rhizobia-legume symbiosis and nematode infection is 

largely unknown, the objectives of this thesis were to observe microtubule changes during 

nodulation and to compare the cytoskeletal behavior of legumes during both Nod factor 

signal transduction and RKN infection. This thesis demonstrates that rhizobial Nod factors 

are in some ways similar to signals that are generated by plant parasitic RKN. The RKN 

signal molecules appear to share common receptors and induce rapid cytoskeletal (both 

microtubules and actin) and morphological changes in root hairs, to those that are generated 

by rhizobial Nod factors. GFP labeling of the cytoskeleton demonstrated that the initiation of 

giant cells occurs without RKN attaching to the site of induction. Hence RKN signals 

function at a distance. The demonstrated common aspects between nematode parasitism and 

rhizobial nodulation will play a key role in our understanding of these economically 

important relationships. 
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1 INTRODUCTION 

1.1 Nodulation 

Nodulation is an ecologically and economically important plant phenomenon, in which the 

symbiosis between plants from the family Fabaceae and Rhizobium results in the 

development of nitrogen fixing nodules on the roots of the host plant. In this organ, the 

bacteria differentiate into bacteroids, fix nitrogen for the plant host and in return are provided 

carbon by the host plant (Crespi and Gálvez, 2000; Hirsch et al., 2001). Formation of the 

nodules requires cross talk between plant and bacterial partner and this determines the host 

specificity. Plants secrete isoflavonoids that induce the bio-synthesis of bacterial lipo-chito-

oligosaccharides which are called Nod factors (Heidstra & Bisseling, 1996; Kistner and 

Parniske, 2002) This rhizobial nodulation signal i.e. Nod factor, initiates a cascade of events 

leading to the development of the nodule primodium followed by entry of bacteria into the 

nodule primodium via root hair cells (Gage and Margolin, 2000). Once the bacteria inhabit 

the nodule (Long, 1996), the bacteria and the plant cooperate in fixation and assimilation of 

atmospheric nitrogen. 

 

Nodules are of two different types: Indeterminate and determinate. Indeterminate nodulating 

plants such as Pisum sativum, Medicago sativa and Vicia sativa are characterized by the 

presence of a permanent meristem. In these plants the initiation of nodule primordium occurs 

in the inner cortex of the root. The mature indeterminate nodules contain a meristem, a 

bacterial invasion zone and bacterial differentiating zone, nitrogen fixing zone and a 

senescing zone surrounded by layers of cortical cells. On the other hand, nodule primordia of 

the determinate nodule forming plants (Glycine max, Phaeseolus spp and Lotus spp) are 
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initiated in the outer cortex of the root. This type of nodule primordia does not remain active 

for a long period of time and the nodules only show a temporal differentiation pattern (Crespi 

and Galvez, 2000). 

 

1.2 Nod factor signal transduction 

The specificity of the interaction between the bacteria and the plant host is governed by Nod 

factors, which are produced by species-specific bacteria. Nod factors have three to five N-

acetyl D-glucosamine residues linked to a lipid moiety on the non-reducing end as a 

backbone. These molecules have variable substitutions such as the presence or absence of 

sulphur, involved in the recognition specificity (Ardourel et al., 1994; Dénarié et al., 1996). 

The purified Nod factor alone can produce many of the initial responses including ionic 

fluxes, root hair deformation, changes in gene expression and cortical cell differentiation and 

generation of a pseudo nodule (Fig 1, Downie and Walker, 1999). However, these 

phenotypes are not induced in all legumes and may vary considerably between related plant 

hosts. 
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Figure 1: Signal transduction cascades initiated by Nod factors of nodulating bacteria  

(modified from Downie and Walker, 1999) 

 

The physiological responses to either purified Nod factors or nodulating bacteria can be 

detected as early as a few seconds after application. Within 15s the calcium in the medium 

decreases (Felle et al., 1998) and within four minutes the cytosolic Ca2+ level increases at the 

root hair tip (Allen et al., 1994, Felle et al., 1999, Cárdenas et al., 1999) indicating influx of 

Ca2+. Simultaneously Nod factors were observed to cause an alkalization of the root hairs 

(Ehrhardt et al., 1992; Felle et al., 1996). It is believed that the increase of Ca2+ causes an 

efflux of Cl- (Felle et al., 1998) which gives rise to a transient membrane depolarization 

(Ehrhardt et al., 1992; Kurkdjian, 1995; Felle et al., 1995, 1996; Gehring et al., 1997). An 
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efflux of K+ ions balances the ionic charges caused by Cl- efflux (Felle et al., 1998). Around 

10 minutes after the application, Nod factors cytoplasmic Ca2+ begins to oscillate at regular 

periodic intervals of 1 min (Ehrhardt et al., 1996; Wais et al., 2000; Harris et al., 2003). 

Subsequently, the root hair deformations occur around 2-4 hour (Schultze and Konderosi, 

1998) and changes in plant gene expression (ENOD, Early Nodulation genes) take place 

around 2 hours after the perception of Nod factors (Horvath et al., 1993; Journet et al., 1994). 

The differentiation and mitosis of cortical cells occurs around 18-24 hours (Spaink et al., 

1991; Truchet et al., 1991; Timmers et al., 1999) and this eventually leads to the formation of 

a root nodule. Concomitantly the bacteria enter the plant via infection threads in root hairs 

and migrate to the cortical cells where they differentiate into bacteroids, which fix 

atmospheric nitrogen (Crespi and Galvez, 2000). 

 

1.3 Cytoskeletal responses to Nod factors 

The plant cytoskeleton, composed of actin microfilaments and microtubules (MTs), is a 

dynamic structure, which responds to extracellular and intracellular stimuli. It is thought to 

regulate many functions, which include cell division, cell shape and polarity, cell trafficking 

and the spatial organization of cytoplasm (Kost et al., 1999). Cytoskeletal reorganizations 

have been described during various stages of the nodulation process or in response to Nod 

factors in different legumes. 

 

During nodulation, the actin skeleton of both Medicago sativa and Phaseolus vulgaris root 

hairs changes as early as 5 minutes after Nod factor application (Allen et al., 1994; Cárdenas 

et al., 1998). The actin microfilaments (AFs) in Phaseolus (bean) root hairs are shown to 
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rapidly disintegrate producing large amounts of diffuse florescence near the tip area. 

(Cárdenas et al., 1998). A similar fragmentation of AFs was observed in Medicago sativa at 

15 minutes after Nod factor application (Allen and Bennett, 1996). These changes in AFs are 

transient and the recovery is apparent after 1 hour. In Vicia, however, the AFs do not 

fragment but become more dynamic in the presence of Nod factors (de Ruijter et al., 1999). 

The reaction can be visualized as an increase in the density and length of sub-apical fine 

bundles of actin filaments. The actin also plays a role during root hair curling (3-4 h after 

Nod factor addition), during which the AFs becomes fragmented (Ridge et at, 1992; Allen et 

al., 1994) and can be observed as foci close to the tip. Actin is also involved in the 

organization of the bacterial symbiosome in mature root nodules (Whitehead et al., 1998) 

indicating a significant role in the initiation, development and maturation of root nodules. 

 

Unlike the actin changes, the rearrangement of the MT cytoskeleton has been observed to be 

somewhat delayed. In Vicia (Van Spronsen et al., 1995) and Medicago spp (Timmers et al., 

1999) the first observed MT rearrangements occur in the inner cortex during the initiation of 

a nodule primodium. Concomitantly, reorganization also occurs in the root hairs (Timmers et 

al., 1999). In the vicinity of the cell cycle activation, the root hairs which are about to curl 

display an increase in endoplasmic MTs (EMTs) forming a network around the nucleus. 

During root hair curling the EMT network develops into arrays (Timmers et al., 1999). The 

MTs are involved in the formation of the infection thread (Ridge and Rolfe, 1985; Seagull, 

1989; Van Brussel et al., 1992) and in nodule organogenesis (Timmers et al., 1998, 1999). 

Although there is no direct data, the indirect evidence imply that Nod factors may influence 

the early changes in root hair MT cytoskeleton (Lhuissier et al., 2001). 
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1.4 Root hairs: a model system for the study of cytoskeletal 

organization 

Nod factors initiate a cascade of signal transduction events in legume root hairs leading to 

alteration of their growth pattern. Root hairs develop from specialized cells called 

trichoblasts. These highly elongated polar growing cells contain a highly polarized 

cytoskeleton comprised of actin and microtubules, which co-localize extensively. The results 

of many studies (Kost et al., 1999; Ketelaar and Emons, 2001; Mathur and Hülskamp, 2002) 

imply that the intricately and closely connected actin and microtubule networks play 

significant roles in root hair growth.  

 

In root hairs of most plant species thick bundles of longitudinal actin filaments are arranged 

in the cortical cytoplasm (Sonobe and Shibaoka, 1989). These long bundles of actin branch 

into thinner bundles in the sub apical area of the root hair where the actin fine bundles are net 

axially arranged (Miller et al., 1999). Some bundles of actin loop back through the cytoplasm 

(Ketelaar and Emons, 2001). Bundles of actin are of uniform polarity with bundles in the 

cortex and the transvacuolar strand having opposite polarities (Foreman and Dolan, 2001).  

The organization of actin contributes to its important role in intracellular transport of 

organelles and vesicles and forms the backbone for cytoplasmic streaming (Ketelaar and 

Emons, 2001; Mathur and Hülskamp, 2002). Treatment of root hairs with drugs that disrupt 

actin, arrests apical growth and actin is well established as playing an essential task during 

root hair growth (Miller et al., 1999; Baluška et al., 2000; Fu et al., 2001). Although the 

mode of operation of actin is poorly defined, evidence based on studies of pollen tubes and 

root hairs, indicates that actin and ROPs collaborate with the tip focused calcium gradient to 



 7

regulate the dynamic structure of the tip growth machinery (Fu et al., 2001; Jones et al., 

2002). 

 

Two networks of microtubules are present in root hairs: Plasma membrane associated cortical 

microtubules and endoplasmic microtubules present in the cytoplasmic strands between the 

nucleus and the root hair tip (Lloyd et al., 1987; Sieberer et al., 2002). These two systems are 

continuous. The disruption of microtubules either by drug treatment or by antisense to α-

tubulin does not arrest the root hair tip growth but produces wavy growth or multiple growth 

points (Bibikova et al., 1999; Bao et al., 2001) a phenotype, which is also observed during 

Nod factor application (Brewin, 1991). It suggests that microtubules, though not required for 

tip growth is involved in stabilizing the site of the tip growth machinery and therefore 

controls the direction of growth. Additionally, the inhibition of cytoplasmic streaming by 

actin depolymerizing drugs is reversible in the presence of intact microtubules indicating that 

microtubules may be involved in the regulation of actin filaments in root hairs (Tominaga et 

al., 1997). 

 

Thus MTs in concert with AFs appear to play an important role in maintaining polar growth 

of root hairs. The high rate of growth and the diversity of cellular processes that involves the 

cytoskeleton indicate that tip growing cells such as root hairs must have a rapidly responsive 

and complex cytoskeleton organizing systems. Hence root hairs provide an excellent system 

in which to study the fundamental features of cytoskeletal organization mechanisms. Since 

root hairs exhibit cellular, physiological and morphological changes in response to Nod 

factors, they also provide an excellent assay for perception of Nod factors.  
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1.5 Root knot nematode infection 

Unlike the beneficial symbiotic bacteria, plant pathogenic nematodes are obligate biotrophs 

that infect a wide range of economically important crop plants (Willamson and Hussey, 

1996). Some of these roundworms are ecto-parasites while the most economically significant 

group of nematodes is sedentary endo-parasites. The latter includes cyst nematodes 

(Heterodera and Globodera spp) and root knot nematodes (Meloidogyne spp). The infection 

of plants by these groups can be visualized as stunted growth, wilting and susceptibility to 

various other pathogens (Williamson and Hussey, 1996, Back et al., 2002). 

 

Root knot nematodes (RKN) have a potential host range of more than 3000 species (Abad et 

al., 2003). The majority of the damage to crop plants is caused by Meloidogyne incognita, 

which inhabits both tropical and temperate climates, followed by M. arenaria. The damage to 

the root system caused by these pathogens results in compromised nutrient and water uptake 

giving rise to weak plants with poor yields. (Abad et al., 2003). 

 

1.6 Biology of root knot nematodes 

RKN have complex intimate interactions with their host plant throughout the life cycle. The 

worms hatch as second stage juvenile larvae (L2), from the large number of eggs released by 

the mature females, to the surface of the root. Once hatched the larvae can survive in the soil 

for a long period of time by utilizing their stored lipid reserves (Bird and Kaloshian, 2003). 

The developmentally arrested L2 larvae penetrate the root from the elongation zone close to 

the meristematic zone or at the site of an emerging lateral root and then migrate 
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intercellularly to the root apex (Wyss et al., 1992; Lohar and Bird, 2003). The migration 

involves both mechanical force and enzymatic secretions and these methods create a path by 

separating cells from the middle lamella (Williamson and Hussey, 1996). However the 

migration causes little or no injury (Bird and Kaloshian, 2003). At the apex of the root the 

RKN turns around and migrates up the center of the root to the zone of differentiation, where 

the permanent feeding site is established (Sijmons et al., 1991; Lohar and Bird, 2003). In the 

vascular cylinder, procambial cells adjacent to the head of the nematode differentiate into a 

specific type of nurse cells called giant cells in response to nematode inductive signals (Bird 

and Kaloshian, 2003) (Fig. 2). 

 

 

 

 

 

 

 

 

 

Figure 2: Lifecycle of root knot nematode (modified from Williamson and Gleason, 2003). 

 

1.7 Giant cells 

An individual RKN induces the development of 5 to 7 giant cells (Fig 3) at the permanent 

feeding site. It is thought that these cells arise initially by expansion of individual 

parenchyma cells, which then undergoes synchronous nuclear divisions uncoupled from 
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cytokinesis (Jones and Payne, 1978). This results in cells as large as 600 µm in length and 

200 µm in diameter (Bleve-Zachio and Melillo, 1997) containing as many as 100 highly 

polyploid nuclei. The giant cells appear to have a dense cytoplasm containing many 

organelles including a well-developed Golgi apparatus and smooth endoplasmic reticulum 

organized in swirls. The central vacuole disintegrates into many small vacuoles and the cell 

wall is extensively remodeled to give rise to many invaginations, which are thought to 

enhance solute uptake from the vascular system. Concurrently the surrounding cortical cells 

undergo swelling and division leading to the formation of a root gall. Once the permanent 

feeding sites are established, the juveniles undergo three molts to develop into adults. The 

saccate females remain sedentary and the eggs are released on to the root surface in a 

proteinaceous matrix while the males migrate out of the plant (Williamson and Hussey, 1996; 

Bird and Kaloshian, 2003; Abad et al., 2003). 

 

 Figure 3: Giant cells induced by 

Meloidogyne incognita. A 

toluidine blue stained, transverse 

plastic section of a mature gall 

showing 4 giant cells (courtsey 

D. Bird). 
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1.8 Nematode secretions 

Nematode secretions originate from a range of body structures of the nematode, which is in 

close contact with the host plant. These molecules are assumed to play a significant role 

during the parasitic interaction between the RKN and the host plant. The secretions include a 

number of cell wall enzymes possibly involved in the invasion of root tissues (Abad et al., 

2003) and molecules present on the cuticle surface suggested to be involved in masking the 

nematode to its host (Jones and Robertson, 1997). Also Bird (1979) has shown that 

nematodes alone were sufficient and necessary for giant cell maintenance indicating that 

nematode secretions may regulate the differentiation of root cells into specialized feeding 

cells. It seems likely that the nematode encoded factors may resemble plant growth regulators 

and act in concert with endogenous host signals. Although no functional evidence has been 

found either to support or refute the role of nematode inductive signals, it is proposed that 

many of the genes neccessary for the production of such signals were acquired from 

prokaryotes using horizontal gene transfer (Scholl et al., 2003; Bird and Kaloshian, 2003). 

 

1.9 Rationale  

Giant cell formation by root knot nematodes invokes host genes in common to those 

necessary for nitrogen-nodule formation. Orthologs of PHAN and KNOX (transcription 

regulators for the formation and maintenance of meristems) are induced in the nematode 

feeding site and Rhizobium induced nodules in Medicago truncatula (Koltai et al., 2001). 
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Cytokinin response pathways, early nodulation gene ENOD 40 and cell cycle gene ccs52, 

which are induced during nodulation, were shown also to be upregulated upon nematode 

infection (Koltai et al., 2001; Favery et al., 2002; Lohar et al., 2004). This suggests that 

nodulation by rhizobia and RKN infection may share some signal transduction and/or 

developmental pathways. The presence of horizontally acquired nodulin (bacterial genes 

involved in Nod factor production) genes in Meloidogyne incognita (McCarter et al., 2003; 

Scholl et al., 2003) supports this concept and indicates that RKN might produce functionally 

equivalent signaling molecules capable of inducing similar downstream events.  

 

Since cytoskeleton involvement during both rhizobium-legume symbiosis and nematode 

infection is largely unknown the objective of this thesis was to carry out a comparative study 

of the cytoskeletal behavior of legumes during both Nod factor signal transduction and 

nematode infection. This thesis will present new observations on the involvement of 

nematode secretions during infection and giant cell formation. 
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2.1 Abstract 

The normal tip-growing pattern exhibited by root hairs of legumes is disrupted when the hair 

is exposed to Nod factors generated by compatible bacteria capable of inducing nodule 

formation.  Since microtubules (MTs) play an important role in regulating directionality and 

stability of apical growth in root hairs (Bibikova et al., 1999, Plant J. 17: 657-665), we 

examined the possibility that Nod factors might affect the MT distribution patterns in root 

hairs of Medicago sativa.  We observed that Nod factor application caused rapid changes in 

the pattern of MTs starting as early as 3 min after perfusion.  Within 3 to 10 min after Nod 

factor application, first endoplasmic and then cortical MTs depolymerised, initially at the 

proximal ends of cells. Twenty minutes after exposure to Nod factors, a transverse band of 

microtubules was seen behind the tip, while almost all other MTs had depolymerised.  By 30 

min, very few MTs remained in the root hair and yet by 1 h the MT cytoskeleton reformed. 

When Nod factors were applied in the presence of 10 µM oryzalin or 5 µM taxol, the MTs 

appeared disintegrated while the morphological effects, such as bulging and branching, 

became enhanced. Compared to the treatments with oryzalin or taxol alone, the combinatory 

treatments exhibited higher growth rates. Since microtubule reorganization is one of the 

earliest measurable events following Nod factor application we conclude that they have an 

important role in the early phases of the signalling cascade. Their involvement could be 

direct or a consequence of Nod factor induced changes in ion levels.  
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2.1.1 Keywords 

Nodulation, Nod factors, Microtubules, Medicago , Rhizobium  

 

2.1.2 Abbreviation 

BNM: buffered nodulation medium, CLSM: confocal laser scanning microscopy, DIC: 

Differential Interference Contrast, LCO: lipo-chitooligosaccharides, MT: microtubule, N. A.: 

numerical aperture. 

 

2.2 Introduction  

Nitrogen fixing soil bacteria, collectively known as Rhizobia, can establish a symbiotic 

partnership with legumes, which leads to the development of a new plant organ called a root 

nodule (Heidstra and Bisseling 1996; Downie and Walker 1999). The initiation of a nodule is 

governed by the molecular dialogue between the correct species or biovars of Rhizobia and 

its appropriate plant host (Long 1996). The cross talk begins when flavonoids in the plant 

root exudate activate the transcription of bacterial nodulation genes (nod genes), which 

results in the secretion of specific lipo-chitooligosaccharides (LCO) called Nod factors (Van 

Brussel et al., 1992; Dénarié et al., 1996). These compounds induce a cascade of signalling 

events that leads to the eventual formation of a nodule. 

 

The first morphological changes in the root hair are deformations in the shape that occur 2-4 

h after perception of the Nod factors (Schultze and Kondorosi 1998). These shape changes, 

however, are preceded by more rapid physiological responses. In the first minutes after 
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application, Nod factors induce alkalinization of the root hairs (Ehrhardt et al., 1992; Felle et 

al., 1996), depolarization (Ehrhardt et al., 1992; Kurkdjian 1995; Felle et al., 1995; 1996; 

Gehring et al., 1997), and ion fluxes (Allen et al., 1994; Felle et al., 1998) across the plasma 

membrane and calcium spiking over the nuclear area (Ehrhardt et al., 1996). Subsequently, 

changes in plant gene expression (Horvath et al., 1993; Journet et al., 1994) occur around 2 h, 

while cortical cell differentiation and mitosis (Truchet et al., 1991; Timmers et al., 1999) 

occur after 18-24 h. 

 

The actin cytoskeleton is thought to play an important role in root hair growth and in the 

process of nodulation (de Ruijter et al., 1999; Emons and de Ruijter 2000). During 

nodulation, the actin cytoskeleton of Medicago sativa and Phaseolus vulgaris root hairs 

changes as early as 5 min after Nod factor application (Allen et al., 1994; Allen and Bennett 

1996; Cárdenas et al., 1998). The changes are visualized as a rapid fragmentation of the 

filamentous actin starting after 5-10 min, at the apical region of the root hair and as actin foci 

during root hair curling (Allen and Bennett 1996; Cárdenas et al., 1998). In Vicia, however, 

the actin filaments do not fragment but become more dynamic in the presence of Nod factors 

(de Ruijter et al., 1999). Actin is also involved in the organization of the bacterial 

symbiosomes in mature root nodules (Whitehead et al., 1998). 

 

Microtubules (MTs) change distribution during nodulation. However, unlike the rapid 

changes that occurred with actin, changes in MTs have been observed during root hair 

deformation and infection of the host by bacteria (Timmers et al., 1998; 1999). These 

changes were seen first in the cortex, around 16-18 h after Nod factor treatments, and later in 



 25

curling root hairs. However, several lines of evidence suggest that changes might occur in 

MT organization during the early stages of nodulation, with these changes being potentially 

significant in the regulation of nodulation. First, the Nod factor induced calcium spikes in 

root hairs (Ehrhardt et al., 1996) might be expected to destabilize the MT cytoskeleton, as 

MTs are traditionally thought to be calcium sensitive (Cyr 1991; Gianì et al., 2002). Second, 

the disruption of MTs leads to loss of directionality and multiple growth points in growing 

root hairs of Arabidopsis (Bibikova et al., 1999). This loss of directionality is similar to the 

changes seen in the other tip growing systems following MT disruption. For example, MT 

disruption in moss caulonemal cells results in swelling and cell branching (Doonan et al., 

1988; Wacker et al., 1988; Schwuchow et al., 1990; Meske et al. 1996), as does MT 

disruption in fungal hyphae (That et al., 1988) and some pollen tubes (Terasaka and Niitsu 

1994). The similarity of the morphological structures that are formed during MT 

destabilization and early nodulation events such as changes of the direction of tip growth 

suggests a possible change in MT arrangement as an early event in Nod factor signalling. 

And third, MTs have been implicated in the regulation of plant calcium channel recruitment 

(Lhuissier et al., 2001). This view is based on the studies of the Arabidopsis ton2 mutant, 

which has constitutively active calcium channels and disorganized MTs (Thion et al., 1998). 

Since Nod factors cause changes in calcium channel activation, MTs seem likely candidates 

involved in the observed growth changes.  

 

Microtubule distribution and function in forming, growing and mature Medicago truncatula 

root hairs has recently been described (Sieberer et al., 2002). The cortical MTs were present 

in all developmental stages while endoplasmic MTs were reported to form a three-
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dimensional array in the subapical cytoplasmic dense region in growing root hairs.  These 

endoplasmic MTs, which were sensitive to oryzalin (a MT destabilizer) but not to taxol (a 

MT stabilizer), are thought to play an important role in tip growth. 

 

In this study, we used immunolocalization of monoclonal anti-α-tubulin to investigate the 

MT distribution in growing root hairs, and the changes that result from Nod factor 

application. Nod factors modified the arrangement of MTs as early as 3 min after application. 

These changes are first observed in initiating root hairs, and at 10 min after Nod factor 

application almost all initiating root hairs displayed characteristic depolymerization at the 

base of the root hairs. The depolymerization was transient and root hair MTs recovered 1 h 

after Nod factor application. When Nod factors are applied to taxol or oryzalin pre-treated 

root hairs, both endoplasmic and cortical MTs appeared very short. We also observed that 

when MTs are broken down with oryzalin or stabilized with taxol, the growth pattern of 

control and Nod factor stimulated root hairs was altered. It would appear that dynamic 

changes in MT organization are an early response to Nod factors and may form part a of the 

signal cascade leading to or permitting changes in root hair growth. 

 

2.3 Materials and methods 

2.3.1 Plant culture 

Seeds of alfalfa (Medicago sativa cv. GT 13R plus) were surface sterilized in 70% ethanol 

for 30 min, and then treated with 100% Clorox for 30 min.  Seeds were rinsed five times with 

sterile de-ionized water and imbibed for 1 h at room temperature.  The seeds were 
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germinated overnight on filter paper and then transferred to plates containing Buffered 

Nodulation Medium [BNM; Ehrhardt et al., 1992] with 8 g/l of agar (Fisher Biotech, Fair 

Lawn, NJ, USA) in the dark at 27°C.  Vertically grown 3 day old seedlings, which reached 

the size of 15 to 35 mm, were used in the experiments. 

 

2.3.2 Nod factor additions 

3-day-old roots were immersed for 10 min in 10-8 M Nod Factor (NOD RM-IV) (kindly 

supplied by S. Long and D. Ehrhardt) dissolved in BNM and then rinsed in BNM except for 

the two early time points of 5 and 10 min. At selected time points of 5, 10, 15, 20, 30 and 60 

min after the Nod factor treatment, the intact plants were fixed.  The immunocytochemistry 

steps to label MTs followed immediately and are described below.  Each treatment was 

carried out for 5-6 plants per replicate and repeated 5 times. Control experiments in which 

plants were treated with BNM instead of Nod factors at the times indicated were performed 

in parallel. 

 

2.3.3 Pharmacological studies 

A stock solution of 10 mM taxol (Sigma) was prepared in 100% DMSO (Sigma) and diluted 

in BNM to concentrations ranging from 1 to 10 µM, with 5 µM being used for most 

experiments.  Intact roots were treated with these concentrations of taxol and MTs were 

immunolocalized in their root hairs. A stock solution of 1 mM oryzalin (ChemService, West 

Chester, PA, USA) was prepared in 100% DMSO and diluted in BNM to concentrations 

from 0.1 to 50 µM with 10 µM being used for most experiments.  Intact roots were treated 
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with these concentrations of oryzalin, fixed, stained and imaged for MT locations. Roots 

were placed in various combinations of 10-8 M Nod Factor, 5 µM taxol, and 10 µM oryzalin 

to make the treatments as equal as possible. Taxol and oryzalin were applied 20 min prior to 

Nod factors to ensure their effectiveness. Each root was then rinsed 3x in BNM and grown in 

BNM for 4 h at which point the growing root hairs were imaged. Universal Imaging 

Metamorph (UIC, Downingtown, PA, USA) v 4.6 software was used to analyze parallel 

regions in the obtained images for root hair lengths.  The data consist of 2 independent trials 

with each treatment carried out 5 times. The schematic below illustrates the treatment types 

and duration. 

Control 20 min BNM  4 h BNM 

Nod factor 20 min BNM 10 min Nod 3 h and 50 min BNM 

Oryzalin 30 min oryzalin + BNM 3 h and 50 min BNM 

Oryzalin/Nod 20 min oryzalin 

+BNM 

10 min oryzalin 

+ BNM + Nod 

3 h and 50 min BNM 

Taxol 60 min taxol  + BNM  3 h BNM 

Taxol/ Nod 20 min taxol + 

BNM 

10 min taxol + 

BNM + Nod 

30 min taxol 

+ BNM 

3 h BNM 

 

2.3.4 Indirect immunofluorescent labelling of microtubules 

Intact, Nod factor treated roots were placed for 1 h in fixative containing PME (150 mM 

Pipes, 6 mM MgSO4, 15 mM EGTA, pH 6.9), 1% DMSO, 0.01% Triton X-100, 8% 

formaldehyde, 4% glutaraldehyde. The roots were washed with phosphate buffered saline 
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(PBS; 2.68 mM KCl, 1.47 mM KH2PO4, 13.69 mM NaCl, 0.81 mM Na2HPO4, pH 7.4) and 

treated with 100 µg.ml-1 lyso-phosphotidylcholine (Sigma) for 30 min (de Ruijter et al., 

1999), acetone at –15oC (10 min) and 5 mg ml-1 NaBH4 (15 min).  Three washes of PBS 

were given after every treatment to remove the residual chemicals. Roots were then 

incubated in blocking buffer (5% BSA, 0.05% Tween-20 in PBS) for 15 min and labelled 

overnight with monoclonal anti-α-tubulin (clone N356; Amersham) diluted 7/200 in 

incubation buffer (1% BSA, 0.05% Tween-20 in PBS). The samples were washed several 

times with PBS and incubated in secondary antibodies [either Cy-3 labelled goat anti-mouse 

IgG diluted1/1000 in incubation buffer or Alexa Fluor 488 goat anti-mouse IgG (Jackson, 

West Grove, PA and Molecular Probes, Eugene, OR), respectively] diluted 1/2000 in 

incubation buffer for 1 h. After washing with PBS, whole roots were mounted in PBS on 

microscope slides, covered with no.0 cover slips and sealed with melted Valap (vaseline, 

lanoline, paraffin: 1:1:1 by volume). 

 

2.3.5 Confocal Microscopy 

Whole mounted roots were imaged using a confocal microscope (Leica TCS SP) with 40x 

N.A. 1.25 oil immersion objective in fluorescent and transmitted light modes. Optical stacks 

were recorded using sections of approximately 0.1 – 0.6 µm in thickness, with each plane 

averaged 4-8 times. Cy-3 was excited at 568 nm with emission collected from 580-620 nm 

while Alexa Fluor 488 was excited at 488 nm and emission collected from 500-550 nm. 

Transmitted light DIC (Differential Interference Contrast) images were recorded 

concurrently. Images were processed using Leica confocal software, Metamorph and Adobe 
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Photoshop 5.0. Volume rendering of confocal stacks was performed using a maximum 

projection algorithm. 

 

2.3.6 Light microscopy 

Living roots were mounted on microscope slides, covered with no. 1.5 cover slips and 

observed with 5x, 0.12 NA and 20x, 0.60 NA Planapo objectives on a Leica DM RXA in 

DIC microscopy.  Images were acquired with a Hamamatsu ORCA-ER (Hamamatsu Inc., 

Hamamatsu, Japan) camera using Universal Imaging Metamorph (UIC, PA) v 4.6 software, 

which was also used for morphometric analysis.  

 

2.4 Results 

2.4.1 Alfalfa root hairs exhibit net-axial or helical, cortical 

microtubules  

Alfalfa root hairs in the elongation zone show 3 main stages of growth; (i) bulge formation 

from epidermal cells, (ii) polar growth and (iii) growth termination. Observation of 

microtubules was carried out in initiating root hairs and in root hairs exhibiting polar growth. 

Both respond to Nod factors (Long 1996). Figure 1a, b, and c depict optical sections of 

growing root hairs of untreated plants with MTs immunolabelled after 10 min of buffered 

nodulation medium (BNM) treatment. The root hairs have cortical MTs arranged in long 

bundles lying longitudinally along the hair cell. The cortical MTs are predominantly net-axial 

at the tip area while being more longitudinally arranged at the base (Figs. 1a and c). The 
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endoplasmic MTs of the root hairs are located in the cytoplasm between the nucleus and the 

tip of the cell (Fig. 1b, arrow). No MTs were observed in the nucleus. The endoplasmic MTs 

are in a densely organized array which extends from the vicinity of the nucleus towards the 

tip. They curl back at the apex of the hair cell (Fig. 1b arrow). 
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Fig 1 a-c MTs in growing root hairs 

MTs in growing root hairs of alfalfa (Medicago Sativa) visualized with confocal laser 

scanning microscopy (CLSM) in z steps of 0.4 µm. Three sections were projected for each 

fluorescence image. The cell periphery shows predominantly net axial cortical MTs (a, 

sections 2-4/19 and c, sections 15-17/19). The endoplasmic MTs are located in the cytoplasm 

in between the nucleus and the apex (b, sections 10-12/19). Some long endoplasmic MTs curl 

back at the tip (b arrow). n nucleus and bars = 10 µm 
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We observed the MT distribution of 3 developmental stages of growing root hairs. The 

initiating root hairs (10-30 µm in length) have predominantly net axial cortical MT arrays, 

which are tightly intertwined (Fig. 2a). The MTs are of variable density and degrees of 

bundling and they are also present in the tip apex (Fig. 2a arrow). As the root hairs increase 

in length (80-100 µm), MTs show a helical pattern at the base.  Arrays, which are net- axial 

just below the tip, extend to the apex of the root hair tip (Fig. 2b). In the longer polar growing 

root hairs (150-180 µm), the MT arrays at the base are somewhat loosely arranged (Fig. 2c) 

when compared to the younger hair cells.  
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Fig 2 a-c Full stack project of CLSM fluorescence images  

Full stack projection of CLSM fluorescence images showing MTs of untreated root hairs. 

The bulges (10-30 µm a), medium sized (80-100 µm b) and older (150-180 µm c) root hairs 

display net-axial or helical MTs. The MTs extend to the tip of the root hair (a, arrow). Bars = 

10 µm 
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2.4.2 Nod factors cause the disintegration of endoplasmic MTs, 3min 

after perfusion 

To observe the changes in the MT cytoskeleton associated with Nod factors, roots of intact 

seedlings were perfused with 10-8 M Nod factors for 10 min, and were fixed and 

immunolabelled at set time intervals either during the Nod factor perfusion (time intervals 

less than 10 min), or after Nod factor was washed out. The first changes were seen in 

endoplasmic MTs. Three minutes after Nod factor perfusion cortical MTs appeared 

unchanged (Figs. 3a and c) whereas, the endoplasmic MTs were shorter in appearance with 

short MTs seen mainly in areas closer to the nucleus rather than at the tip (Fig. 3b). The 

longitudinal endoplasmic MTs seen in the control treatments became shorter at the base. No 

change in the MT pattern was observed in plants that were treated with BNM instead of Nod 

factors at the time points indicated (data not shown). 

 

2.4.3 MTs depolymerize after Nod factor treatment 

Confocal imaging of intact roots demonstrated that the root hair cortical MT pattern changes 

occurred around 5 min after perfusion of Nod factors. In very young root hairs (10-30 µm), 

we observed the disappearance of the MTs at the base of the root hair (Fig. 4a, arrow and 

video 1). Concurrent transmitted light images indicated that the MT breakdown originated in 

the vicinity of the nucleus (Fig. 4b, arrow). The fragmentation of the MTs was more distinct 

at 10 min following Nod treatment, but the most striking changes were seen at 20 min.  
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Fig 3 a-d MTs in growing root hairs visualized 3 min after Nod factor application 

CLSM scanning steps in the z plane were 0.2 µm.  Three sections were projected for each 

fluorescence image. The images of the periphery show intact cortical MTs (a, sections 6-8/52 

and c, sections 46-48/52). b (sections 19-21/52) shows a projection through the middle of the 

cell. Endoplasmic MTs have begun to disintegrate near the vicinity of the nucleus (b). The 

long MTs that curl back are shorter than those of untreated cells. d is the transmitted light 

image of the growing root hair. n  nucleus, Bars = 10 µm 
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At 20 min, the bases of the initiating root hairs appeared to be devoid of prominent MTs (Fig. 

4c). However, the tips exhibited a ring like structure close to the plasma membrane (Fig. 5a - 

d and video 2). This unusual ring formation was observed in 64.5% out of 206 root hairs. The 

very apex of the majority of the root hairs was devoid of MTs as demonstrated (Fig. 5 and 

video 2).  The higher amount of diffuse staining in this region may indicate the presence of 

higher amounts of heterodimeric tubulin. Some bulges also displayed a ring like structure 

along with short longitudinal arrays of MTs leading away from it, parallel to one another. 

The depolymerization of MTs was complete at 30 min, at which time the young root hairs 

were primarily devoid of MT labelling (Fig. 4d). A small percentage of the observed root 

hairs showed some punctate labelling. At one hour after Nod treatment, the root hairs began 

to recover longitudinally arranged short MTs, which appeared somewhat diffuse (Fig. 4e). 

 

MTs of 80-100 µm root hairs disintegrate 5 min after Nod treatment, but do not show the 

unusual ring like structure seen in younger root hairs 

MTs in the 80-100 µm sized root hairs displayed an altered pattern similar to that of bulges, 

at 5 min following Nod treatment (Fig. 6a). The depolymerization of the MTs began at the 

base of the root hair and became more prominent at 10 min after Nod treatment (Fig. 6b). 

 

The bases of the medium sized root hairs were lacking long MTs at 20 min (Fig. 6c). At this 

stage the root hairs were difficult to fix and image. Unlike the very young hair cells, these 

root hairs revealed prominent punctate labelling and short MTs at their bases. The tips were 

brightly labelled with longitudinally arranged short MTs spreading for a short distance from 

the apex.  The very apices lacked MTs. But diffuse staining seen at the apex suggested the 
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possibility of the presence of heterodimeric tubulin. Similar to that of bulges, MTs in the 80-

100 µm sized root hairs disintegrated completely at 30 min and started to re-establish 

themselves at 1 h after the treatment of Nod factors (Figs. 6d and e). 

 

2.4.4 The depolymerization of MTs in longer root hairs occurs at 

around 10 min following the treatment with Nod factors 

The longer root hairs (150-180 µm) did not show an alteration of MT pattern at 5 min after 

Nod factor treatment (Fig. 6f), unlike the comparatively short younger root hairs described 

above. At 5 min, 85.5% out of 214 longer root hairs had a MT pattern, which is similar to the 

control plants (Fig. 2c). The disruption of MTs in these root hairs was clearly observed at 10 

min after Nod factor treatment (Fig. 6g), indicating that the response is somewhat delayed in 

older hair cells. At 20 min, the pattern of MTs was relatively intact in comparison to the 

younger root hairs (Fig. 6h). Some displayed short MTs, while the others had very loosely 

arranged helical MTs with some areas devoid of MTs. Thirty minutes following the Nod 

treatment, the longer root hairs showed diffused and punctate labelling indicating 

disintegrated MTs (Fig. 6i). One hour after treatment, MTs showed some recovery (Fig. 6j). 

The MTs, however, did not completely recover and were diffuse and short. 
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Fig 4 a-e MTs in young root hairs after perfusion of Nod factors 

Full stack projections of fluorescence and individual transmitted light images showing 

reorganization of MTs in young root hairs (10-30 µm) after perfusion of Nod factors. The 

disintegration of MTs begins around 5 min (a) from the root hair base (a, arrow) and 

proceeds towards the tip at 10 min (b). At 20 min (c) MTs are observed as a ring structure at 

the tip. The disintegration is complete at 30 min (d) and reformation can be seen at 1hr (e). 

Bar = 10 µm, n  nucleus 
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Fig 5 a-d MTs in young root hairs 20 min after treatment with Nod factors 

CLSM scanning z steps were 0.5 µm. Projection of 3 sections each of the cell periphery (a 

and c) and middle of the cell (b) shows that the transverse band of MTs is in the periphery of 

the cell. d shows the full stack projection of MTs at an angle of 45º so that the ring of MTs 

that wraps around the root hair tip is viewed partially end on. Bar = 5 µm  
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Fig 6 a-j Time series of medium sized 

root hairs 

Time series of medium sized (80-100 µm) 

root hairs (full stack projections) showing 

rearrangement of MT at 5 (a), 10 (b), 20 

(c), 30 (d), 60 (e) min after treatment with 

Nod factors. Destabilization of MTs begins 

around 5 min and is complete at 30 min 

after the Nod factor perfusion. The 

responses of older root hairs (150-180 µm) 

are delayed in comparison to the younger 

root hairs. MTs are intact at 5 min (f). The 

reorganization of MTs initiates around 10 

min (g) after treatment with Nod factors. 

Images h-j show 20, 30 and 60 min time 

points. The disintegration is complete at 30 

min and MTs starts to recover around 1 h. 

Bar = 10 µm 
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2.4.5 MTs are important for the signalling process of Nod induced 

root hair growth. 

Nod factor induced morphological changes in root hairs are similar to the changes that are 

seen during the treatment with MT perturbing agents such as taxol or oryzalin. To determine 

whether Nod factor induced MT changes are directly related to Nod factor induced polar 

growth changes, we compared the effects exerted by MT altering drugs with that of Nod 

factors. Taxol and oryzalin where applied individually and in combination with Nod factors. 

We expected the stabilization of MTs by taxol to decrease, and the destabilization by 

oryzalin to enhance the morphological effects induced by Nod factors. The study was 

conducted in 3 phases. 

 

First, using immunofluorescence we determined the appropriate concentration of oryzalin 

and taxol. The cortical MTs of the root hairs depolymerized following a 30 minute treatment 

with 10 µM oryzalin. On the other hand, root hairs treated with 5 µM taxol displayed a 

similar MT pattern as untreated control root hairs. Both these treatments, however, did not 

appear to inhibit root hair growth. 

 

To observe the effects on root hair morphology, the root hair zone of the examined plants 

was divided into 4 areas each about 1500 µm in length: bulges and initiating root hairs (zone 

I), medium sized polar growing root hairs (zone II), longer polar growing root hairs (zone III) 

and fully grown hairs (zone IV). MT altering agents were applied for 30 min (oryzalin) and 

60 min (taxol), respectively, and then removed.  Nod factors were applied as indicated for 10 
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min following a 20 minute pre-treatment of oryzalin or taxol. The treatment schedule is 

described in Materials and methods.  

 

We recorded the effect of the drug treatment on zone II and zone III root hairs 4 h after the 

respective treatments. For the interpretation of these data it has to be kept in mind that root 

hairs were growing during the 4 h period between drug/Nod factor treatment and data 

recording. Thus root hairs sized 10-30 µm at the time of observation were not considered in 

the analysis since they were not present during treatment. For zones II (medium) and III (old) 

we measured the length of the root hairs that were clearly in focus using calibrated 

Metamorph image analysis software. A total of 217 root hairs were examined of which 37 

and 27 were treated with taxol or oryzalin, respectively, and 36 and 39 received combination 

treatments of taxol/Nod and oryzalin/Nod. 

 

Our experiments showed that the taxol treatment alone caused the older root hairs (zone III) 

to grow at a slower rate than the BNM treated control (Fig.7). The average length of both 

taxol treated root hairs (142±18 µm) and BNM treated control root hairs (187±14 µm) were 

subjected to independent student t-test analysis and the results were significantly different at 

0.05 level (p= 6.33E-6). When the root hairs were subjected to Nod factors after pre-treatment 

with taxol, the root hair length increased to 298±55 µm. On the other hand oryzalin treatment 

alone caused an increase in growth rate which also has been observed in root hairs of 

Arabidopsis thaliana (Bibikova et al., 1999).  Root hairs pre-treated with oryzalin prior to 

Nod factor application reached a length of 271±71 µm which was comparable to that 

observed with either Nod factor (not significantly  
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Fig 7 Four hours after different drug treatments 

Four hours after different drug treatments, the length of younger (medium) and older (old) 

root hairs were measured. Older root hairs are more responsive but medium sized root hairs 

show the same trend. Nod factors, oryzalin or oryzalin/Nod application increases the length 

of root hairs. On the other hand taxol reduces root hair growth. This growth reduction can be 

overcome by Taxol/Nod treatment. 
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different at 0.05 level, p= 0.606) or oryzalin treatment by itself (not significantly different at 

0.05 level, p= 0.779). The oryzalin/Nod treated root hairs were also not significantly different 

from taxol/Nod treated root hairs (p= 0.196). Thus, all treatments except the BNM control 

(roots not exposed to Nod factors) and taxol caused root hairs to grow to a similar length at 

the time of the measurement, suggesting that they might have reached their maximum length. 

 

The zone II root hairs displayed an analogous trend to that of zone III root hairs. However, 

there were noteworthy differences. Unlike in zone III, the taxol treated root hairs (95±27 µm) 

and BNM treated control root hairs (103±27 µm) exhibited no significant difference at 0.05 

level (p= 0.352), indicating similar growth rates. Nevertheless when  the root hairs were 

treated with Nod factors after pre-treatment with taxol the length increased to 114±26 µm. 

Similar to zone III, zone II root hairs treated with oryzalin alone had a higher growth rate 

than the control root hairs (significantly different at 0.05 level, p= 0.019). The oryzalin 

treated root hairs were comparable to the Nod factor treated root hairs which also showed a 

higher rate of growth (not significantly different at 0.05 level, p= 0.410). When root hairs 

were pre-treated with oryzalin prior to Nod factor treatment the length of the root hairs 

increased even further. 

 

The observed morphological changes showed a similar trend as the growth pattern. As 

expected, Nod factor treated root hairs showed characteristic bulging and branching 4 h after 

Nod factor treatment (Fig. 8b). Oryzalin and taxol also caused bulging and branching of root 

hairs (Fig. 8 c, d). Interestingly, in the presence of Nod factors, oryzalin  
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Fig 8 a-h Morphology of root hairs 

Morphology of BNM treated control root hairs appears normal (a). Root hairs treated with 

Nod factors show bulbous tip and branches (b). Both 10 µM oryzalin (c) and 5 µM taxol (d) 

treated root hairs display morphology similar to those treated with Nod factors. Longer (e) 

and medium (g) sized root hairs treated with oryzalin/Nod show enhanced branching effects. 

Images f and h show bulbous tip and branching in taxol/Nod treated older and medium sized 

root hairs. Bar = 20 µm  
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or taxol pre-treated root hairs displayed a significant increase in the formation of branches 

and bulges (Fig. 8, e to h, Fig. 9). This observation indicates the possibility of Nod factors 

enhancing the effects of oryzalin and taxol. 

 

To further investigate the role of MTs in root hair growth and Nod factor signalling, we 

immunolocalized MTs in roots that were treated with MT altering agents and/or Nod factors 

using the same treatment schedule as for the growth studies. As expected, application of the 

MT stabilizing drug taxol alone (Fig. 10a) did not significantly alter the MT arrangement of 

root hairs when compared to BNM treated controls (Fig. 10b). 

 

When root hairs are treated with both taxol and Nod factors we observed the following 

changes in the MT pattern. Whereas 20 min following Nod factor treatment the MTs are 

similar to that of control root hairs (Fig 10c), they disintegrate into short pieces at 1 h 

following Nod factor treatment (Fig. 10d). This indicates that Nod factors are capable of 

overcoming the stabilizing effect of taxol even though the disintegration is somewhat 

delayed. Oryzalin treatment alone caused a disintegration of MTs (Fig. 10e). In root hairs 

that were given oryzalin/Nod combination treatment MT disintegration was observed at both 

20 (Fig. 10f) and 60 min (data not shown) after Nod factor application. 
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Fig 9 Ratio of tips that bulged or branched 

Ratio of tips that bulged or branched in response to treatments with respect to the total 

number of root hairs. BNM treated control does not show a significant response. All other 

treatments show bulging. Root hairs, which were treated with either oryzalin/Nod or 

taxol/Nod, show greater responses than treatments of oryzalin or taxol alone. 



 49

 

 

Fig 10 Effects of taxol, oryzalin and Nod factors on MT organization 

MTs of the root hairs were visualized by CLSM (full stack projection) after 50 min (or 20 

min after Nod factor treatment) and 120 min (or 60 min after Nod factor treatment) of each 

treatment. The MTs of root hairs which were subjected to the treatment of 10 µm taxol (a) 

for 50 min were intact and comparable to the control plants (b) which were treated with 

BNM for 50 min. Taxol and Nod factor combination treatment (c) did not alter the structure 

of MTs at 50 min following the treatment and were comparable to the treatment of taxol 

alone. However at 120 min following taxol/Nod  treatment the MTs were disintegrated into 

short pieces (d). The treatment of oryzalin alone (e) caused disintegration of MTs 50 min 

after the treatment. The root hairs, which were treated with oryzalin/Nod factor combination 

treatment (f) displayed disintegrated MTs exhibiting synergistic effects of oryzalin and Nod 

factors. Bar = 10 µm 
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2.5 Discussion 

Our study demonstrates that Nod factor treatment causes rapid and dynamic changes in the 

pattern of MTs in root hairs. Within 3-10 min after Nod factor treatment, first the 

endoplasmic and then the cortical MTs disintegrated. In both cases the basal MTs decayed 

first. The disintegration of cortical MTs was complete at 30 min and the MT network 

reformed 1 h after Nod factor exposure. Importantly, many root hairs exhibited a ring like 

structure at the tip of the root hair before the complete disintegration of cortical MTs (Fig. 6). 

Our results show that MTs play a role in regulation of the growth machinery of root hairs and 

strongly influence the growth pattern. 

 

Root hairs develop from root epidermal cells called trichoblasts (Cormack 1949). Before the 

emergence of root hairs the MTs are arranged perpendicular to the axis of the root (Emons 

and Derksen 1986; Lloyd et al., 1987). The first step in root hair initiation is bulge formation 

(Gilroy and Jones 2000) and the bulge can be seen as a triangular protrusion of the 

trichoblasts. Once initiated, the root hair grows in a polar fashion. Three defined zones of 

root hairs occur along the root; (I) growing, (II) terminating growth, (III) and full-grown 

(Long 1996; de Ruijter et al., 1999). The patterns of microtubule distributions were similar in 

fixed and GFP-MAP4 labelled root hair cells of M. truncatula (Sieberer et al., 2002). While 

immunolabelling of MTs in epidermal cells is comparatively easy, root hairs, especially those 

that are older and non-growing, are more difficult to label. However, since the root hairs, 

which respond to LCOs are in the zone I (length 10-30 µm) and II (length 30 up to 180 µm), 

the study concentrated on the root hairs in these two zones.  
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MT visualizations in growing root hairs vary in different plant systems. In Equisetum, MTs 

of the trichoblasts rearrange parallel to the longitudinal axis of the root hair during the 

formation of the bulge, which becomes the root hair (Emons and Derksen 1986). In Zea 

mays, the bulge is initially depleted of MTs (Baluška et al., 2000), but as it grows in length, 

helical MTs are seen parallel to the growth axis. In contrast, our study does not show a 

similar depletion in M. sativa and forming bulges appear to have MTs tightly arranged in a 

helical manner similar to that reported for M. truncatula (Sieberer et al., 2002). In polar 

growing root hairs of many previously observed systems, the MTs are arranged mainly in the 

cortical cytoplasm in net axial or helical orientation (Geitmann and Emons 2000). These 

cortical arrays are continuous with the endoplasmic MTs located between the nucleus and the 

tip (Lloyd et al., 1987; Miller et al., 1997; Sieberer et al., 2002). They are also present at the 

tip of the root hair in a random orientation (Emons 1989). The MT pattern in the polar 

growing root hairs of M. sativa is consistent with the previously obtained data. However 

unlike in M. truncatula where, the endoplasmic MTs do not curve back at the root hair tip M. 

sativa has some endoplasmic MTs, which curve back at the tip.  

 

Timmers et al. (1999) proposed that MTs play a significant role during root hair curling and 

cortical cell division during nodulation of M. truncatula. However, they did not observe the 

early changes in the MT cytoskeleton we report here. In contrast, changes in actin 

organization have been observed in many systems such as Vicia (Ridge 1992; de Ruijter et 

al., 1998), M. sativa (Allen et al., 1994) and Phaeseolus (Cárdenas et al., 1998) after the 

application of appropriate Nod factors. These studies established that the effect of Nod 

factors on the actin cytoskeleton of root hairs is quite consistent in all systems. The response 
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of actin to Nod factors is rapid, and is evident within 5 to 10 min (Cárdenas et al., 1998).  

Several lines of evidence indicate the possibility that MTs would show dynamic localization 

changes similar to those seen for actin filaments. Destabilization of actin in the growing 

protonemata of Adiantum leads to the destabilization of MTs (Kadota and Wada 1992). In a 

contrasting study, in root hairs of Hydrocharis, it has been observed that intact MTs are 

needed for normal functioning of actin (Tominaga et al., 1997). These results, as well as 

other pharmacological and molecular studies, provide evidence for functional interactions 

between actin and MTs (Collings and Allen 2000; Igarashi et al., 2000; Staiger 2000). Hence 

MTs become a potential candidate for regulating a morphological change during early events 

during nodulation.  

 

Our study reveals that MT arrays change their distribution during the first minutes of 

induction for nodulation. We conclude that Nod factors of R. meliloti are capable of inducing 

rapid changes (within 3-10 min) in the MT cytoskeleton of almost all growing root hair cells 

of alfalfa. Our experiments also demonstrate that taxol treatment causes a slower rate of 

growth than the control while displaying MTs patterns which are similar to that of control 

root hairs. Nod factors overcome the effect of taxol by increasing the length of root hairs and 

by enhancing bulging and branching. Although the response is delayed the MTs in taxol/Nod 

treated root hairs undergo disintegration. These observations appear to indicate that taxol 

causes a de-acceleration of growth perhaps because the MTs maintain a stable pattern. It is 

conceivable that Nod factors override this inhibition by disrupting the stabilized MTs, 

causing growth to reinitiate. Our observations on oryzalin treated root hairs show that 

oryzalin causes disintegration of MTs and increases the rate of growth. When Nod factors are 
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combined with oryzalin, the length of root hairs increases further and the MTs appear 

disintegrated at 1 h after Nod factor application. Thus it seems that oryzalin and Nod factors 

act synergistically in regulating growth and MTs. Collectively our results indicate that MT 

disruption results in increased root hair growth and that Nod factors are capable of changing 

MT behaviour and thereby directly/indirectly influence the growth pattern of root hairs.  

 

The events that lead to disruption of MTs during Nod factor treatment and subsequent 

signalling events remain poorly understood. Many studies indicate a link between 

intracellular calcium levels of the cell and the cytoskeleton. For example, elevated 

cytoplasmic calcium levels are known to cause fragmentation of actin filaments and 

depolymerize MTs (Cyr 1994). In addition, studies on the Arabidopis ton mutant, which has 

high calcium channel activity and constitutively disorganized cortical MTs (Thion et al., 

1998), suggest MTs to be potential regulatory elements for calcium channel recruitment. The 

first response that occurs after Nod factor application is a transient calcium influx at the root 

hair tip (Felle et al., 1998). In M. sativa this occurs a few seconds after treatment. Within 3 

min, the cytosolic calcium level increases (Allen et al., 1994; Cárdenas et al., 1999; Felle et 

al., 1999a; 1999b) and this could activate anion channels in the plasma membrane leading to 

a depolarization and other down-stream events. Although the molecular basis for this 

activation is unclear, it is possible that Nod factors may influence the MT and actin 

organization via intracellular calcium levels.  

 

Interestingly, Fu et al., (2001) found that the actin filaments in Nicotiana tabacum pollen 

tubes in which Rop1At, a Rop GTPase, was overexpressed, formed a transverse band behind 
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the tip.  This pollen tube tip eventually was seen to have depolarized growth.  In root hairs 

challenged with Nod factors, we see a similar transverse band or ring of MTs (Fig. 4c) just 

behind the root hair tips and eventually these root hairs also have a changed growth polarity.  

Thus, it is possible that Rop GTPase in concert with actin and MTs modulates the polarity of 

root hairs, in a manner similar to pollen tubes. 

 

Our experiments show that the rapid change of both endoplasmic and cortical MTs initiate in 

the vicinity of the nucleus. Nod factors are also known to cause a subsequent oscillation of 

cytosolic calcium over the nucleus (Ehrhardt et al., 1996). Recent analysis of non-nodulating 

mutants (which do not exhibit calcium spiking and have altered root hair deformation 

patterns), have shown the existence of a strong correlation between calcium spiking and root 

hair deformation during nodulation (Catoira et al., 2000; Wais et al., 2000). If the MTs are 

regulatory elements of calcium channel recruitment, the above evidence suggests the 

involvement of MTs in tip growth by regulating the inhibition of endogenous root hair 

growth and/or the initiation of Nod factor dependent root hair growth (Catoira et al., 2000). 

The following also supports this view. First, the generation of an artificial calcium gradient at 

the tip of the root hair gives rise to a reorientation of root hair growth (Bibikova et al., 1997). 

Second, MT depolymerizing agents lead to loss of directionality and multiple growth points 

(Bibikova et al., 1999). However, evidence also indicates that MTs are involved in spatial 

organization of signal perception and transduction in concert with cell wall molecules, 

plasma membrane receptors and MT associated proteins (Kropf et al., 1998; Gundersen and 

Cook 1999). Thus, it is possible that the rapid change of MT organization that is seen in our 

experiments is part of the signal transduction pathway in nodulation, or alternatively, it may 
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be activated by steps during nodulation. It is clear from our results that Nod factor caused 

changes in the normal organization of MTs results in an alteration of polar growth and that 

Nod factors are capable of causing changes to endogenous polar growth and reinitiating polar 

growth. 

 

The depolymerization of MTs is an early response seen during nodulation. Hence it would be 

beneficial to not only assess the role, which MTs play in nodulation signal transduction but 

also to study the possible exact interplay between MTs, actin and calcium. Future studies of 

Nod factor effects on signal transduction and polar growth of root hairs will aim at dissecting 

the interaction of calcium and MTs. 
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3.1 Abstract 

The symbiosis responsible for nitrogen-fixation in legume root nodules is initiated by 

rhizobial signaling molecules (Nod factors). Using transgenically-tagged microtubules and 

actin we have dynamically profiled the spatio-temporal changes in the cytoskeleton of living 

root hairs, which precedes root hair deformation and reflects one of the earliest host 

responses to Nod factor. Remarkably, plant-parasitic root-knot nematodes invoke an 

identical, rapid cytoskeletal reorganization and root hair deformation response in legume root 

hairs via a signal able to function at a distance. This suggests the possibility that the root-knot 

nematodes might produce a molecule with functional equivalence to Nod factor. 
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3.2 Main Body 

Plants engage other organisms in diverse symbioses ranging from mutualistic associations 

with rhizobia and mycorrhizae (supplying the plant with fixed nitrogen and phosphorous 

respectively), to hosting harmful parasites such as root-knot nematodes (RKN: Meloidogyne 

spp). Unlike rhizobia, which interact with strictly defined legume species, the RKN host 

range encompasses essentially all vascular plants, leading to extensive crop loss worldwide 

(Bird and Kaloshian, 2003). The specificity of particular rhizobial-legume associations is 

largely mediated at the root surface via specific lipochitooligosaccharide signaling molecules 

(Ardourel et al., 1994) synthesized by the bacterium and collectively termed “Nod factors.” 

Invasion of the host by rhizobia is a highly orchestrated process, with the first 

morphologically visible step being disruption of the normal tip-growing pattern and curling 

of epidermal root hair cells 2-4 h after initial exposure and prior to bacterial entry. Nod 

factors alone are sufficient to elicit extensive physiological responses including cytoskeletal 

(Allen et al., 1994; Cárdenas et al., 1998, Weerasinghe et al., 2003) and ion changes 

(Ehrhardt et al., 1996; Allen et al., 1994; Felle et al., 1996; 1998), gene expression changes 

(Horvath et al., 1993; Journet et al., 1994), root hair deformation and the formation of pseudo 

nodules (Truchet et al., 1991), although the sequence of events culminating in formation of 

functional nitrogen fixing nodules is tightly regulated by the plant (Long, 1996; Hirsch et al., 

2001). In contrast, RKN enter the host simply by mechanical penetration. Migration into the 

vascular cylinder is intercellular and non-destructive, and once in the stele, RKN induce 

characteristic “giant cells” (GC) from which the developing larvae feed. GC formation 

invokes host pathways in common with those necessary for nitrogen-nodule formation, 

including induction of specific transcription regulators (Koltai and Bird, 2000), early 
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nodulation genes (Koltai et al., 2001; Favery et al., 2002) and cytokinin-response pathways 

(Lohar et al., 2004), suggesting that at the cellular level, RKN and rhizobia exploit a common 

strategy. Remarkably, EST sequencing revealed homologous RKN and rhizobial sequences, 

including genes required for Nod factor synthesis (McCarter et al., 2003; Scholl et al., 2003). 

This led us to speculate that RKN might produce functionally equivalent signaling molecules 

capable of inducing rapid cytoskeletal changes in roots similar to those observed following 

application of rhizobial Nod factors. We show that at the subcellular level the primary 

responses to nematodes and Nod factors indeed are equivalent. Furthermore, this provides the 

first evidence that plant-parasitic nematode signals function at a distance. 

 

We assayed the morphological responses of Lotus japonicus root hairs both to bacterial Nod 

factors and RKN. By 4 h after initial application of bacterial Nod factors, root hairs of wild 

type Lotus plants displayed the classic deformation patterns. Strikingly, the addition of 

nematodes also caused root hair deformations, which are apparent 1 h after nematode 

addition, and are fully manifested as branching root hairs by 4 h (Fig 1). 

 

The cytoskeleton plays a central role in signal transduction and regulation of plant 

developmental patterns (Collings and Allen, 2000). To assay cytoskeletal dynamics, we 

constructed Lotus japonicus hairy roots transgenic for GFP-fusions of the microtubule (MT) 

associated protein, Map-4, and the actin binding protein, Talin. Individual roots were selected 

for low-level constitutive expression of the chimeric proteins and confocal laser scanning 

microscopy confirmed that transgenic root hair cells exhibited normal cytoplasmic streaming 

and healthy cyto-architecture (Fig. 1). Cortical MTs of the transgenic roots expressing 
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GFP::Map4 are arranged in a net axial manner (Fig. 2A) along the root hair extending to the 

apex of the root hair cell. Endoplasmic MTs extend from the root hair apex to the nucleus 

(Fig. 2B, arrow). Root hair MTs displayed very dynamic, retrograde flow (movie 1 and 2) 

recapitulating what is seen in root hairs of Arabidopsis and Medicago truncatula (Sieberer et 

al., 2002). The base of those root hairs expressing GFP::Talin contained bundles of actin 

filaments parallel to the longitudinal axis of the root hair (Fig. 2C). In the sub-apical region, 

these thick bundles are finer, more dispersed and not parallel (Fig. 2D). The intense 

fluorescence seen in the tip area indicated a large amount of diffuse actin (Fig. 2C). Like the 

MTs, the actins were highly dynamic and exhibited retrograde flow (movie 3 and 4). 

 

Living roots were imaged continuously before and after perfusion with 10-7 M M. loti Nod 

factor. Reorganization of MT distribution was first observed as soon as 3 minutes after 

perfusion, and continued for at least 30 min (Fig. 3). Initially the number of the endoplasmic 

MTs decreased, with those remaining becoming thicker (Fig. 3, A, B, C). By 10 min, the 

thicker endoplasmic MTs disappeared, leaving a large number of fine endoplasmic MTs (Fig. 

3D and movie 5) that remained throughout the observation time period (Fig. 3, E and F). In 

many cases a ring like structure, previously observed by immunolocalization (Weerasinghe et 

al., 2003), was observed 3-5µm below the tip. Examining the different focal planes revealed 

that the cortical MTs exhibited a corresponding area devoid of MTs in the shape of a ring 

(data not shown). Initial changes of the cortical MTs appeared after 3 min (Fig. 4, A, B, C 

and movie 6) when fluorescence intensity in the tip region increased, indicating the presence 

of more tubulin. At 30 min, the cortical MTs fragmented, although they did not disappear 

completely (Fig. 4, D and movie 7). 
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The changes in the actin and MT cytoskeleton occur in pari passu following Nod factor 

application. In contrast to Vicia root hairs (de Ruijter et al., 1999), initially in Lotus, the fine 

bundles of actin disintegrate and become more dynamic in the presence of Nod factors (Fig. 

5 and 6). By 5 min, the number of fine bundles of actin increased (Fig. 6, A, B arrows and 

movie 8). Comparison of the cortical actin (Fig. 6A) and the total projection of the confocal 

stacks (Fig. 7A) shows that the initial decrease in the fine bundles of actin corresponds to an 

increase in diffuse fluorescence in the tip area of the cell. This fluorescence decreases 

somewhat at 5 min (Fig. 7B). Nevertheless, it remained persistently throughout the observed 

30 min time period (Fig. 7 C-F and movie 9). Collectively, these results are the first to 

examine the events of both actin and MTs in response to Nod factors in living root hairs over 

time. We speculate that the spatio-temporal reorganization of the cytoskeleton reflects 

growth changes observed in root hairs; the initial bulging relates to the decrease in filaments 

and the re-polarization occurs as a response to the later filament movements. 

 

Nuclear movement occurred 10-15 min after Nod factor challenge. In the observed root hairs 

(14/20, where each root hair represents an independent experiment), the nucleus moved from 

its position in the middle of the root hair towards the apex at 5.16 µm/min (growth rate of 

root hairs is 1.26 µm/min). After a period of apically directed movements, the nucleus either 

returned to its original position or moved farther toward the base of the root hair (Fig. 8 and 

movie 10). Initiation of classic root hair deformation after Nod factor perfusion was seen 

after 1h at which time both MTs and actin resumed a more basal configuration. 
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RKN produces an essentially identical response sequence in root hairs to that just described. 

Within 2 min of applying 5-10 sterile freshly hatched RKN larvae 100-300 µm distal to the 

transgenic root tip, changes were observed in the cytoskeleton. Use of a perfusion chamber 

permitted the exudates of freshly hatched larvae to rapidly reach the root area. At this time 

the nematodes were not attached to the root or the root hairs. As seen with Nod factor 

perfusion, the first changes in MTs occurred in the endoplasmic MTs. Two min after the 

addition of RKNs to the media, the finer endoplasmic MTs (movie 11) disintegrated and 

those that remained became thicker (Fig. 9 A-B). Again recapitulating Nod factor treated root 

hairs, the number of endoplasmic MTs increased around 5-10 min (Fig. 9 C-D). Re-

polymerization of endoplasmic MTs initiated from the very tip of the root hair (movie 12). 

Some root hairs exhibited the ring like structure seen during Nod factor application (data not 

shown). The cortical MTs on the other hand showed a gradual increase in intensity and 

become more fragmented (Fig. 10 A-E and movie 13). A slight swelling in the root hair tip 

area became apparent at 30 min after nematode addition (Fig. 10 F) just as in Nod factor 

treated root hairs. 

 

MT and actin filament changes appeared to be coordinated. The first changes were observed 

in fine bundles of actin 3 min after exposure to nematodes. The cortical fine bundles of actin 

decreased at 3 min and the diffuse fluorescence increased (Fig. 11 B). The fine actin bundles 

regenerated 5 min after the treatment (Fig. 11 C), and were especially striking by 10 min 

(Fig. 11 D and movie 14). The total projection of the confocal stack indicates that the diffuse 

fluorescence around the root hair apex increased at 5 min and this persisted for 30 min (Fig. 

12 and movie 15). The structure of actin filaments around the nucleus altered just prior to the 
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initiation of nuclear movement and the altered pattern persisted throughout the duration of 

the nuclear movement. 

 

The nuclear behavior of nematode challenged root hairs was identical to that seen in Nod 

factor treated root hairs (Fig. 13 and movie 16). The rate of nuclear movement was 6 µm/min 

and the rate of root hair growth was 1.02 µm/min. In some cases (3/14, where each root hair 

represents an independent experiment) the nucleus was also seen to move basipetally, but 

always moved back to its original position or even farther towards the base of the root hair.  

 

Collectively, these results indicate that root-knot nematodes and bacterial Nod factors invoke 

effects in Lotus japonicus root hairs, suggesting that they may induce common signaling 

pathways. Nematodes also elicit nuclear and morphological responses mirroring those seen in 

Nod factor treated roots. These cellular responses are rapid and precede actual root-

penetration by the nematodes, which typically occur 12-24 hours after the larvae encounter 

the host. The root hair effects induced by RKN are unexpected, as the initial interaction with 

the host has been assumed to be penetration of the root by the larvae; the true parasitic 

interaction is typically thought of as beginning at the time of GC induction. Although a 

model hypothesizing a nematode effector able to work at a distance has been presented (Bird, 

1996), it has been widely speculated that RKN induce GC by directly injecting proteins into 

GC and their precursors (Hussey, 1989). These models remain experimentally unconfirmed.  

 

Interestingly, the actual GC inductive process is accompanied by transcriptional events 

common to the early events of nodule formation by rhizobia (Koltai et al., 2001; Favery et 
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al., 2002), suggesting that the sequence of events initiated by Nod factor might be similar to 

those events that lead to GC formation. Although no direct evidence exists to support 

nematode production of signal molecules chemically or functionally similar to Nod factors, 

our experiments and others favor a model in which the bacterial, fungal and nematode signal 

molecules are adequately similar to be recognized by the same receptor complexes (Stracke 

et al., 2002; Radutoiu et al., 2003) and thus initiate similar downstream effects. Importantly, 

the findings presented here show unequivocally that root hair cells respond in a defined, 

rapid and stereotypical manner to RKN perfusates before direct contact is made between 

nematode and plant; models of giant cell induction should allow for a similar possibility.  
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3.4 Material and Methods 

3.4.1 Plant Culture 

Lotus japonicus Gifu seeds were scarified and sterilized in concentrated sulfuric acid for 5-10 

min and then washed 5 times in sterile water. Seeds were germinated on wet filter paper in 

the dark at 22oC. Germinated seedlings were placed on slopes of ½ strength Gamborg’s B5 

media with 1.2% Agar (Sigma) and maintained at 22oC with a 16/8 h light-dark regimen.  

 

3.4.2 Hairy root transformation 

Hairy roots were induced as described in Stiller et al (1997). 4-5 day old seedlings were 

wounded in the area of the hypocotyl by an intradermal bevel needle attached to a syringe (1 

ml 26G Tuberculin slip tip, B-D syringe, Bectin Dickinson & Company, New Jersey) and 1-3 

drops of A. rhizogenes inoculum were applied to the wound. A 2-day-old culture of A. 

rhizogenes grown on solid YEB was scraped and the cells suspended in sterile water was 

used as inoculum. After inoculation, plants were incubated overnight in darkness and then 

placed in 16/8 day/night cycle at 22ºC. Hairy roots grew from the wound site in 2 weeks. 

Plants with newly grown hairy roots were excised and placed on ½ strength Gamborg’s B5 

media (1.2 % Agar) with 300 µg/ml Cefotaxime.  

 

3.4.3 Vector construct and Agrobacterium strain 

The A. rhizogenes strain AR10 was used. GFP::MAP4 and GFP::Talin constructs driven by 

CaMV 35s promoter was inserted into binary vectors pBin plus and pWPF 127  respectively. 
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The binary vectors contain NPT II as a resistant marker. The binary vectors were 

electroporated into A. rhizogenes strain AR10. 

 

3.4.4 Nod factor additions 

Excised living roots examined for transgenic protein expression levels, were mounted on 

microscope slides with ½ strength Gamborg’s B5 media and incubated at room temperature 

for 30 min. Samples were imaged for 5 min before and 60 min after treatment. The roots 

were perfused with 10-7 M M. loti R7A Nod factors. Sterile media was used as a control. 

 

3.4.5 Nematode Culture and Inoculation: 

Root knot nematode Meloidogyne incognita was maintained on tomato plants in the green 

house. The egg masses were extracted with 0.5% (v/v) NaOCl and cleaned by centrifugation 

on a 40% Sucrose gradient. The second stage larvae were hatched as described by Hussey 

and Baker (1973). Hatched Larvae were surface sterilized with 1% (v/v) NaOCl and 

suspended in sterile de-ionized water. Each root was perfused with about 10 infective larvae 

in suspension culture. De-ionized water was used as a control. 

 

3.4.6 Confocal Microscopy 

Samples were imaged using a confocal microscope (Leica, Wetzlar, Germany) with a 40 X 

numerical aperture (N.A) 1.2 water immersion objective (Zeiss, Thornwood, NY) in 

fluorescent and transmitted light modes. Time lapsed optical stacks were recorded with GFP 

excited at 488 nm and emission collected from 500-550 nm. Transmitted light DIC 
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(Differential Interference Contrast) images were recorded concurrently. Images were 

processed using Leica confocal software and Adobe Photoshop 7.0.  Volume rendering of 

confocal stacks was performed using a maximum projection algorithm.  

 

3.4.7 Light Microscopy 

Living roots were mounted on microscope slides, covered with no. 1.5 cover glass and 

observed with 20X, 0.5 NA and 40X, 0.85 NA. Neofluar objectives on a Zeiss Axiovert 100 

TV inverted microscope (Zeiss, Thornwood, NY) using DIC microscopy. Images were 

acquired with ORCA-ER (Hamamatsu, Hamamatsu, Japan) camera using Metamorph. Abode 

Photoshop 7.0 was used for image processing. 
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Fig  1 Wild type Lotus plants treated with nematodes 

Wild type Lotus plants treated with sterile water show no apparent phenotype 4 h after the 

treatment (A). On the other hand, the nematode treated root hairs manifest elaborate root hair 

structures 4 h after treatment (B). GFP transgenics have equivalently deformed root hairs for 

both RKN (C) and Nod factor treatment. Scale bar, 40 µm. 
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Fig  2 Confocal images of GFP::MAP4 and GFP::Talin expressing root hairs 

Confocal images of GFP::MAP4 (A, B) and GFP::Talin expressing root hairs. Full stack 

projection shows root hair cortical MTs (A) continuous with MTs of epidermal cells. A 

single image at the center of the confocal z-stack displays endoplasmic MTs of the root hairs 

(B, arrow denotes the nucleus). The actin of root hairs (C) is also continuous with actin of 

epidermal cell. D shows the fine cortical actin. Scale bar, 20µm  
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Fig  3 Time-lapse series of growing root hairs following Nod factor treatment  

Time-lapse series of growing GFP::MAP4 expressing Lotus Root hair cell before (A) and 

after (B-F) Nod factor treatment. Before Nod factor treatment the endoplasmic MTs extend 

from root hair apex to the nucleus (A, arrow). After Nod factor treatment, initially the 

number of endoplasmic MTs reduced (B, C) and those remaining became thicker. By 10 min, 

thicker endoplasmic MTs disappeared leaving a large number of fine endoplasmic MTs (D, 

arrowhead), which remained throughout the observed time period (E and F). Scale bar, 20 

µm. 
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Fig  4 Total projections of MTs before and after Nod factor perfusion 

Full stack projections of confocal microscopy images before (A) and after (B-D) Nod factor 

perfusion. The first changes of the cortical MTs appeared after 3min (A, B, C). The 

fluorescence intensity in the tip region increased indicating the presence of more tubulin. At 

30 min the cortical MTs were fragmented, although they did not disappear completely (D). 

Scale bar, 20 µm. 
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Fig  5 Root hairs expressing GFP::Talin before Nod factor treatment 

Root hairs expressing GFP::Talin before Nod factor treatment.  The Sub-apical region of the 

root hairs contains fine bundles of actin, which were dispersed (A, arrowhead). These fine 

bundles are thicker towards the base and are arranged parallel to the long axis of the root hair 

(B). Because the tip area has a large amount of diffuse actin, it to exhibit a higher 

fluorescence intensity. Scale bar, 20 µm. 
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Fig  6 The changes in the actin cytoskeleton  

The changes in the actin cytoskeleton occur in parallel to the changes in MTs after Nod 

factor application. Initially, the fine bundles of actin disintegrate and become more dynamic 

in the presence of Nod factors (A). By 5 min, the number of fine bundles of actin increased 

(B, arrowhead) and this remained throughout the observed time period (C-F). Scale bar, 20 

µm. 
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Fig  7 Changes in actin diffuse fluorescence after Nod factor application. 

Full stack projection of confocal images shows the changes in actin after Nod factor 

application. The diffuse fluorescence in the root hair apex increased at 3 min (A, arrowhead). 

This fluorescence decreases somewhat at 5 min (B). Nevertheless, it remained persistently 

throughout the observed time period of 30 min (C-F). Scale bar, 20 µm. 
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Fig  8 Nuclear movement following Nod factors 

10-15 min after the Nod factor challenge the nucleus (arrowheads) moved from its position in 

the middle of the root hair towards the apex (A-E). However after some period of apically 

directed movements the nucleus either returned to its original position or moved further 

toward the base of the root hair. Scale bar, 20 µm. 
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Fig  9 Response of endoplasmic MTs following nematodes 

Root knot nematodes (RKN) produce an essentially identical response sequence in root hairs 

to that by Nod factors. Two min after the addition of RKNs to the plant root the finer 

endoplasmic MTs (A, arrowhead) disintegrated and the remaining became thicker (B). MTs 

increased again around 5-10 min (C and D, arrowhead and E). At 30 min the configuration of 

MTs appears similar to that of the control (F). Scale bar, 20 µm. 
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Fig  10 Full stack projection of MTs after nematode addition 

Full stack projection shows that the cortical MTs increase slightly after the Nematode larvae 

addition. MTs appear fragmented (A-C). Sometimes slight swelling in the tip area became 

apparent at 30 min following nematode addition (D). Scale bar, 20 µm. 
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Fig  11 Time-lapse series of Root hair expressing GFP::Talin before and after RKN 

addition 

Time-lapse series of Root hairs expressing GFP::Talin before (A) and after (B-F) RKN 

addition. The cortical fine bundles of actin lessened at 3 min and the diffuse fluorescence 

increased (B). Actin fine bundles reappeared again around 5 min after the treatment (C, 

arrowhead). A clear indication of the increase of fine bundles of actin can be seen at 10 min 

(D, arrowhead). This fine actin bundles remained throughout the observed time period (E and 

F). Scale bar, 20 µm. 
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Fig  12 The total projection of root hairs expressing GFP::Talin  

The total projection of the confocal stack indicated that the diffused fluorescence (A) around 

the root hair apex increased at 5 min (B) and this remained persistently until 30 min (C and 

D). The shape of actin around the nucleus changed (10 min) before the initiation of the 

nuclear movement. Scale bar, 20 µm. 
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Fig  13 The nuclear behavior of nematode challenged root hairs 

The nuclear behavior of nematode challenged root hairs was identical to that seen in Nod 

factor treated root hairs. 10-12 min after nematode addition the nucleus (arrowhead) moved 

towards the apex of the root hair (A-E). Scale bar, 20 µm. 
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Movie Legends 

Movie 1 

GFP::MAP4 expressing plants displaying retrograde flow of MTs. Total projections of 

images (collected at 30 s intervals) are displayed 2 frames per second. 

 

Movie 2 

Endoplasmic MTs displaying retrograde flow. Images were collected at 30 s intervals and 

displayed 2 frames per second.  

 

Movie 3 

Retrograde flow of GFP::Talin.  Full z-stack projection shows dynamic root hair actin images 

collected at 45 s intervals. Images are displayed 2 frames per second. 

 

Movie 4 

Actin filaments in sub apical region is finer, more disperse and not parallel. The intense 

fluorescence seen in the tip area indicates a large amount of diffuse actin. Like the MTs, the 

actins are highly dynamic and exhibit retrograde flow. Images are displayed 2 frames per 

second. 

 

Movie 5 

Reorganization of MT distribution following Nod factors. Initially (at 3 min) the number of 

the endoplasmic MTs decreased, with those remaining becoming thicker. By 10 min the 

thicker endoplasmic MTs disappeared, leaving a large number of fine endoplasmic MTs. 
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Images were acquired at 30 s intervals and displayed at 2 frames per second. 

 

Movie 6 

Time lapse of cortical MTs from 3 to 7 min following Nod factor treatment. The changes 

appeared after 5 min after Nod factor treatment. Fluorescence intensity in the tip region 

increased, indicating the presence of more tubulin. Images are displayed at 2 frames per 

second. 

 

Movie 7 

At 30 min following Nod factor the cortical MTs fragmented, but they did not disappear 

completely. Images were acquired at 20 s intervals and displayed at 2 frames per second. 

 

Movie 8 

Time lapse of actin changes after Nod factor treatment. Images were collected at 45 s 

intervals. The changes in the actin cytoskeleton occur in parallel to the MTs after Nod factor 

application. Initially, the fine bundles of actin disintegrate and become more dynamic in the 

presence of Nod factors. By 5 min, the number of fine bundles of actin increased and this 

remained throughout the observed time period.  

 

Movie 9 

Full z-stack projection of time-lapse confocal images shows the changes in actin diffuse 

fluorescence after Nod factor application. Images were acquired at 45 s intervals and are 

displayed at 2 frames per second. 
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Movie 10 

Nuclear movement of the Nod factor challenged root hairs initiated between 10-15 min. The 

nucleus moved from its position in the middle of the root hair towards the apex. The time-

lapse images were collected at 45 s intervals and displayed at 2 frames per second. 

 

Movie 11 

Time lapsed images showing dynamic endoplasmic MTs of root hairs before Root knot 

nematode treatment. Images were collected at 45 s intervals and displayed 2 frames per 

second. 

 

Movie 12 

Root knot nematodes (RKN) produce an essentially identical response sequence in root hairs 

to that caused by Nod factors. Two min after the addition of RKNs to the plant root the finer 

endoplasmic MTs disintegrated and the remaining became thicker. MTs increased again 

around 5-10 min.  Time-lapse series (6 frames per second) shows root hairs from 5 to 25 min 

after RKN treatment.  

 

Movie 13 

Time-lapse series of full z-stack projections showing changes of cortical MTs after nematode 

additions. The cortical MTs appeared to increase in intensity but became more fragmented. 

Images were acquired at 2 min intervals and are displayed at 2 frames per second. 

 



 95

Movie 14 

Time-lapse series of root hairs expressing GFP::Talin after RKN addition. The cortical fine 

bundles of actin lessened at 3 min and the diffuse fluorescence increased. Actin fine bundles 

regenerated again around 5 min after the treatment. These fine actin bundles remained 

throughout the observed time period. Images were acquired at 2 min intervals and displayed 

at 2 frames per second. 

 

Movie 15 

Full z-stack projection of time-lapse confocal images shows the changes in actin diffuse 

fluorescence after nematode application. Images were acquired at 2 min intervals and are 

displayed at 2 frames per second.  

 

Movie 16 

The nuclear behavior of nematode challenged root hairs was identical to that seen in Nod 

factor treated root hairs.  
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4.1 Abstract 

Legume-rhizobial symbiosis initiates with a molecular recognition system that enables root 

hairs to respond to rhizobia culminating in bacteroid containing nitrogen fixing root nodules. 

Recent studies have identified receptor kinases, NFR1 and NFR5, which are required for at 

least some of the early cellular and physiological changes such as membrane potential, pH 

change and root hair deformations; caused by the rhizobial signal molecules, Nod factors. 

These LysM type receptors probably act in concert with a receptor like kinase, SYMRK to 

initiate downstream effects. The similarity of the root hair deformation response of Lotus 

japonicus plants to both Nod factors and nematodes suggests the presence of similar, or even 

overlapping pathway involved in rhizobial and nematode signal perception and transduction. 

Therefore we investigated whether Lotus SYMRK, NFR1 and NRF5 are putative receptor 

genes involved in perception of nematode derived signals. We show that mutations in NFR1, 

NFR5 and SYMRK influence early events of the nematode-plant interactions, suggesting that 

nematode derived signals might interact directly with these receptors. We demonstrate that 

NFR1 and NFR5 act upstream of nematode induced root hair branching. The nematode 

signals diffuse from unattached nematodes and seem to contain motifs that are recognizable 

by rhizobial Nod factor receptors, to activate common downstream signal transduction 

pathways. 

 

 



 98

4.2 Introduction 

The root knot nematode (RKN), Meloidogyne incognita is an obligate plant parasite with a 

vast host range. Nematode infection causes dramatic changes in morphology and physiology 

of infected plants and thus gives rise to huge economic losses (Abad et al., 2003; Williamson 

and Gleason, 2003). The infection of RKN begins with the larvae mechanically penetrating 

the host plant and then apoplastically migrating to the vascular cylinder where the permanent 

feeding cells, called giant cells, are induced (Wyss et al., 1992; Lohar and Bird, 2003). 

Induction of giant cells involves an array of physiological changes in the root including 

nuclear division uncoupled from cytokinesis of vascular parenchyma cells (Jones and Payne, 

1978). It has been shown that giant cell formation invokes pathways common to nodule 

formation during rhizobia–plant interactions. These include induction of early nodulation 

genes such as Enod40 and ccs52 (Koltai et al., 2001; Favery et al., 2002) and transcriptional 

regulators such as Phantastica (Koltai and Bird, 2000). In addition, EST sequencing has 

shown homologous RKN and rhizobial sequences including genes required for the synthesis 

of the rhizobial signal molecule, Nod factors (Scholl et al., 2003). Collectively these results 

suggest that RKN and rhizobia use a common strategy for their respective changes in 

development, with RKN producing functionally equivalent signaling molecules to rhizobial 

Nod factors. This view is supported by the observation that nematodes and rhizobial Nod 

factors cause equivalent early morphological changes (Weerasinghe et al., submitted) in host 

root hairs. 

 

The nature of the nematode signal molecules perceived by the plant root is unknown. In 

contrast, the rhizobial morphogenic signal (Nod factors) has been identified (Truchet et al., 
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1991). Nod factors are bacterial species-specific lipochitooligosaccharides, on which type 

and position of the substituent groups give rise to the host specificity that is observed during 

nodulation (Van Brussel et al., 1992; Dénarié et al., 1996). The presence of host specific 

substituent groups and the responses evoked by very low concentrations (picomolar to 

nanomolar range) of Nod factor indicate the presence of one or more receptors acting in 

concert with each other (Kistner and Parniske, 2002). 

 

Recent studies of mutant plants defective in nodulation have identified several receptors 

involved in perception of Nod factors. The first type, SYMRK (Symbiosis Receptor-like 

Kinase) responds to rhizobia by swelling and branching but not with curling indicating that 

they are able to perceive the bacterial signals (Stracke et al., 2002). This Nod factor 

dependent response indicates the involvement of other receptors. SYMRK is also shown to 

be involved in mycorrhizal signal perception (Stracke et al., 2002). The second, NFR1 and 

NFR5 (transmembrane receptor kinases) are shown to be required for some of the early 

cellular and physiological changes such as membrane depolarization and pH changes 

(Radutoiu et al., 2003). Mutants in symRK and nfr do not show the normal root deformation 

response of the wild type plants to Nod factors, indicating that these proteins function at or 

upstream of root hair deformations. The similarity of the root hair deformation response 

(Weerasinghe et al., submitted) in wild type plants to both Nod factors and nematodes 

suggests the presence of shared loci involved in rhizobial and nematode signal perception 

and transduction. Therefore we studied the alteration of root hair growth in response to 

nematodes in nfr1, nfr5 and symRK mutants and wild type plants. Here we show that Lotus 

japonicus SYMRK, NFR1 and NRF5 receptors are putatively involved in perception of 
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nematode derived signals. 

 

4.3 Materials and Method 

4.3.1 Plant Material 

Wild type (ecotype Gifu) and mutant Lotus lines were treated identically. SYMRK Mutant 

line SL1951-5 (Perry et al., 2003), nfr1-2 and nfr5-1 (Radutoiu et al., 2003) was used. Seeds 

were scarified and sterilized in concentrated sulfuric acid for 5-10 min then washed 5 times 

in sterile water and germinated on wet filter paper in the dark at 22oC. Germinated seedlings 

were placed on slopes of half strength Gamborg’s B5 media (Gamborg, 1970) with 1.2% 

Agar (Sigma) and maintained at 22oC with a 16/8 h light-dark regimen. 5-day old seedlings 

were inoculated with nematodes or treatments described below and scored for root hairs 

deformation 4h and 24h after the inoculation. 

 

4.3.2 Nematode Culture and Inoculation 

Root knot nematodes, Meloidogyne incognita, were maintained on tomato plants in the green 

house. Their egg masses were extracted with 0.5% (v/v) NaOCl and cleaned by suspending 

them on a 40% sucrose gradient. The second stage larvae were hatched as described by 

Hussey and Baker (1973). Hatched larvae were surface sterilized with 10% Chlorox and 

suspended in sterile de-ionized water. Plants were inoculated with about 10-20 infective 

larvae. De-ionized water was used as a control. 

 

To treat the plants with the putative nematode derived signals the suspension of nematodes in 
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de-ionized water was spun at 10,000 rpm for 15 min and the supernatant without the infective 

larvae was added onto the plants.  

 

The nematode–water suspension was incubated with 1.2% Na-azide for 30 min, then spun at 

10,000 rpm for 15 min.  The pelleted nematodes were re-suspended in sterile de-ionized 

water after washing the pellet 6-7 times with sterile water. The azide treated dead nematodes 

were applied to plants. 

 

4.3.3 Light Microscopy 

The living roots were mounted on microscope slides with half strength Gamborg’s B5 media 

and observed with 20X, 0.5 NA and 40X, 0.85 NA. Neofluar objectives on a Zeiss Axiovert 

100 TV inverted microscope (Zeiss, Thornwood, NY) using DIC microscopy. Images were 

acquired with an ORCA-ER (Hamamatsu, Hamamatsu, Japan) camera using Universal 

Imaging Metamorph (UIC, PA). Adobe Photoshop 7.0 was used for image processing. 

 

4.4 Results 

Nod factor induced morphological responses of root hairs are similar to the responses that are 

seen during application of Meloidogyne incognita. We scored the root hair deformation of the 

wild type Lotus japonicus and mutants SL1951-5 (symRK mutant, Perry et al., 2003; Stracke 

et al., 2003), nfr1-2 and nfr5-1 (Radutoiu et al., 2003) after nematode treatment. These 

mutants identify loci predicted to be involved in rhizobial signal perception. The deformation 

of root hairs (bulging, wavy growth, branching and curling of root hairs) following Nod 
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factors application becomes apparent 4h after the treatment. We observed the morphological 

changes associated with nematode signal perception at both 4h and 24h after application. 

More than 5 independent experiments were assessed for each treatment regimen (Fig 1) 

except where denoted by an asterisk. The asterisk marks denotes the results that were not 

considered for data analysis. 

 

4.4.1 The mutant proteins NFR5, NFR1 and SYMRK function 

upstream of root hair branching 

Our experiment showed that the addition of nematode larvae (L2) to the wild type plants 

caused altered root hair growth (Fig 1 and 2 A). At 4h the wild type root hairs exhibited a 

primarily wavy growth pattern (Fig 2A, arrowhead) with bulging tips (73/90 root hairs 

examined). Some root hairs (30/90, average 40% per plant) displayed branching (Fig 2A, 

arrow). The addition of L2 to nfr5-1, nfr1-2 and symRK mutants also caused the root hairs to 

display a wavy growth pattern (Fig 1 and 2 B-D, arrowhead) after 4 h, but very few mutant 

root hairs exhibited branching with nfr5-1, nfr1-2 and symRK mutant plants giving rise to 

1/85 (average 2%), 7/118 (average 4%) and 16/81 (average 10%) branched root hairs 

respectively (Fig 3). The branching of wild type root hairs was significantly different from 

the number of branched root hairs of nfr5-1 and nfr1-2 (P = 0.00396, P = 0.00551 

respectively, independent student t-test analysis) suggesting that these receptors function at 

or prior to events associated with root hair branching. 

 

In contrast, both wild type and mutant control root hairs treated with sterile de-ionized water 
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did not exhibit an altered growth pattern (Fig 1 and 4). The number of wavy root hairs 4 h 

after nematode treatment and 4h after de-ionized water treatment was significantly different 

at 0.05 probability level (P = 2.68E-7, independent student t test analysis). Similarly, the 

nfr5-1 displayed significantly different numbers of wavy root hairs from the water treated 

control 4h after nematode treatment (P = 0, 0.05 probability level).  The other mutant data 

displayed a similar trend (data not shown). 

 

Twenty-four hours after the nematode treatment, the trend in the root hair deformation was 

the same as 4h after the treatment (Fig 1 and 5). Asterisk denotes treatments that were not 

repeated more than twice and thus not considered for analysis. Interestingly, 60% (24/47) of 

wild type root hairs show branching (Fig 5 A, arrow) in addition to the wavy growth pattern 

unlike the nfr mutants (Fig 5 B-C, arrowhead). 10% of nfr5-1 and 0% of nfr1-2 show 

branching. (For example wild type was significantly different from nfr5-1 at 0.05 level, P = 

0.002). The absence of a significant amount of root hair branching in nfr mutants reconfirms 

that the mutant proteins function upstream of root hair branching. Root hairs of the symRK 

mutant on the other hand displayed 60% branching indicating that the root hair branching 

response is independent of SYMRK. 

 

4.4.2 Nematodes generate diffusible signal molecules that are 

functionally similar to rhizobial Nod factors 

In order to study whether nematodes generate a diffusible signal molecule capable of 

generating the observed phenotype, we used the supernatant of the nematode suspension as a 
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perfusate. The roots were imaged 24 h after the treatment. If the nematode signal-molecules 

functions at a distance similar to rhizobial Nod factors we expected the root hair deformation 

phenotype of putative nematode signal molecule (PNSM) treated plants to be similar to that 

of nematode treated plants. 

 

PNSM treated wild type plants displayed a wavy root hair growth pattern similar to nematode 

treated plants (Fig 1 and 6 A). The number of wavy root hairs due to PNSM treatment 

(34/40) was not significantly different (P = 0.317) from nematode treated root hairs (73/90). 

Similarly, PNSM treatment caused the root hairs of nfr5-1 (20/31) and nfr1-2 (24/39) to 

display wavy root hairs (Fig 6 B and C, arrowhead). However, the number of root hairs 

exhibiting wavy a growth pattern was significantly different from nematode treated plants (P 

= 0.00432 and P = 0.00182 for nfr5-1 and nfr1-2 respectively, 0.05 significance level) 

indicating a difference in sensitivity. The root hair growth pattern of symRK plants (Fig 6 D) 

was similar to the trend shown by wild type plants. On the other hand none of the PNSM 

treated root hairs displayed branching  (Fig 3) indicating that the branching is dependent on 

the physical presence of nematodes. It is also conceivable that branching is dependent on the 

concentration of the nematode signal; live nematodes presumably continue to produce a 

signal, whereas the levels of PNSM presumably drop in the perfusate. 

 

4.4.3 The presence of a nematode derived signal molecule is necessary 

for alteration of root hair growth  

We treated nematodes with sodium azide for 30 min and re-suspended the dead nematodes in 
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sterile de-ionized water after carefully removing the sodium azide from the suspension. We 

used those azide treated nematode suspension to demonstrate that living nematodes generate 

a morphogenic signal in L. japonicus root hairs that is not seen for dead nematodes.  

 

Root hairs to which azide treated nematodes were added do not display a significant amount 

of wavy growth pattern or branching (Fig 1 and 7). The number of wild type root hairs 

exhibiting wavy growth pattern due to azide treated nematodes was significantly different 

from the amount of wavy root hairs elicited by living nematodes  (P = 2.68 E-7, at 0.05 level 

significance level) or the PNSM (P = 0.003, 0.05 level significance level). These root hairs 

do not exhibit branching. The mutants subjected to azide treated nematode suspension also 

did not display a significant amount of wavy growth or branching. Comparison of azide 

treated nematode suspension to either living nematode or PNSM revealed that root hairs 

respond to a signal generated by living nematodes. 
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Fig. 1 Morphological changes associated with nematode signals 

Morphological changes associated with nematode signals 4h and 24h after treatments. Root 

hairs of both wild type and mutant plants have positive morphological responses after 

nematode treatment or nematode supernatant (perfusate) treatment. The altered polar root 

hair growth i.e. wavy growth pattern is not observed when root hairs are treated with the 

control sterile de-ionized water treatment or nematodes incapable of producing signal 

molecules. All treatments were carried out for 24 h. Asterisk denotes the treatment that was 

not considered for analysis. 
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Fig. 2 Differential interference contrast (DIC) images of root hairs after RKN 

Root hairs 4h after the nematode addition. The wild type root hairs showed a wavy (A, 

arrow) and branched (A, arrowhead) growth pattern. Similarly nfr5 (B), nfr1 (C) and symRK 

(D) displayed wavy growth patterns. The mutant symRK also displayed branched root hairs 

(arrow). Scale bar = 50 µm 
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Fig. 3 Ratio of branched root hairs in response to nematode signaling 

The nematodes caused the branching of wild type root hairs, a response absent in nfr1 and 

nfr5 indicating that NFR1 and NFR5 function upstream of root hair branching. Nematode 

perfusate, azide treated nematodes and de-ionized water did not cause root hairs branching 

after 24 h. 
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Fig. 4 Root hairs treated with sterile de-ionized water do not show root hair 

deformations  

Wild type (A), nfr5 (B) and other mutants (not shown) exhibited a similar failure to respond. 

Scale bar = 50 µm 
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Fig. 5 Root hairs exhibit deformations 24 h after application of nematodes 

Wild type root hairs (A), nfr5 (B), nfr1 (C) and symRK (D) appeared similar to that seen at 4h 

and displayed a wavy growth pattern (arrowhead). However wild type and symRK exhibited 

root hair branching (A and D, arrow). Scale bar = 20 µm 
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Fig. 6 Root hair deformation following application of nematode supernatant 

Addition of the nematode supernatant caused equal deformations in wild type (A), nfr5 (B), 

nfr1 (C) and symRK (D). Arrowheads indicate wavy root hair growth. The nematode 

supernatant also caused bulging in wild type root hairs. Scale bar = 50 µm 
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Fig. 7 Root hairs to which azide treated nematodes were applied, do not display 

significant deformations 

. Wild type (A), nfr5 (B), nfr1 (C) and symRK (D) do not display root hair deformations. 

Scale bar = 50 µm 
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4.5 Discussion 

Our study demonstrates that the root knot nematode Meloidogyne incognita generates a 

signal that is functionally similar to bacterial Nod factors. The root hair cells respond in a 

defined manner both to nematodes as well as nematode perfusates indicating that the 

nematode derived signal functions at a distance. These root hair phenotypes are not observed 

when the nematode signal is absent. Our study further suggests that NFR1 and NFR5 

proteins function at, or upstream of the root hair branching response following nematode 

signal perception.  NFR and SYMRK proteins may function as receptors for nematode signal 

perception. 

 

The similarity of cellular and morphological responses (Weerasinghe et al., submitted) 

between nematode and bacterial Nod factors suggests the intriguing hypothesis that 

nematodes and rhizobia produce signaling molecules, sufficiently similar to share common 

receptors and signal transduction pathways. This view is supported by the presence of 

homologous nematode and rhizobial sequences (McCarter et al., 2003; Scholl et al., 2003). 

Therefore we investigated whether putative bacterial Nod factor receptors are associated with 

nematode derived signal perception and transduction.  

 

Bacterial Nod factor signal perception is receptor mediated (Limpens et al., 2003; Radutoiu 

et al., 2003; Stracke et al., 2003). NFR1, NFR5 and SYMRK are transmembrane proteins, 

which are shown to be Nod factor receptor genes necessary for Nod factor perception. NFR1 

and NFR5 encode LysM type serine/threonine receptor kinases. Mutants of these two 

proteins lack the root hair deformation response, expression of downstream symbiotic genes 
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and have altered physiological responses to rhizobial inoculation, indicating that these 

proteins are involved in rhizobial Nod factor perception or transduction (Radutoiu et al., 

2003). On the other hand, SYMRK is a receptor like kinase, which plays a role in Nod factor 

signal transduction (Stracke et al., 2003). The SL1951-5 line contains a mutation in the 

region encoding the kinase domain of SYMRK (Perry et al., 2003). We tested the mutants of 

these putative receptor genes for nematode derived signal sensitivity using root hair 

deformation as a tool.  

 

In all tested wild type and mutant plants, the root hairs responded to nematodes and/or the 

nematode perfusate with wavy root hair growth. The addition of sterile water or the addition 

of dead nematodes (presumably incapable of producing the signal molecules) does not cause 

alteration of root hair growth indicating that nematodes produce signal molecules capable of 

causing the wavy root hair response. The nematode derived signal molecule is diffusible and 

is sufficient to cause altered morphology of root hairs. nfr mutants respond differently from 

wild type root hairs to nematode perfusate indicating that NFR proteins respond in a signal-

dependent manner. The positive morphological response of the mutant plants suggests that 

the wavy growth of root hairs is independent of the above genes. This growth pattern is also 

produced during stabilization or destabilization of microtubules using pharmacological 

agents (Bibikova et al., 1999) or antisense α-tubulin (Bao et al., 2001). Therefore it is 

conceivable that the wavy growth of root hairs is indirectly related to upstream physiological 

and cytoskeletal changes as a result of nematode signal perception.  

 

Our experiments show that nfr1 and nfr5 mutants do not display root hair branching in 
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response to nematode signals.  The absence of the phenotype indicates that NFR proteins 

function upstream of root hair branching. In contrast, symRK mutants display a significant 

amount of root hair branching suggesting that SYMRK functions downstream of NFR1 and 

NFR5. The branching response that is seen with nematodes is not seen when plants are 

treated with nematode perfusate. This observation leads us to speculate that the nematode 

signal contains components, which may be active only in the presence of both the nematodes 

and the host plant. It is also plausible that branching is dependent on the concentration of the 

nematode signal; live nematodes presumably continue to produce a signal, whereas the levels 

of the signal could drop in the perfusate. 

 

The NFR1 and NFR5 are receptors required for Nod factor perception. These proteins are 

proposed to form a heteromeric Nod factor receptor acting in concert with SYMRK to bring 

about downstream physiological responses (Radutoiu et al., 2003). A similar model can be 

proposed for the perception of the nematode signal.  NFR5 and NFR1 may initiate the 

earliest responses to the nematodes with SYMRK mediating the further down stream 

responses in concert with NFR proteins. However the requirement of these putative receptors 

to initiate further downstream effects are unclear. Therefore downstream effects of 

nematodes such as altered root hair growth and rapid cytoskeletal changes (Weerasinghe et 

al., submitted) could be associated with a parallel pathway perhaps involving other 

receptor/s. Unlike, nodulating bacteria, the RKN do not distinguish between host plants. This 

suggests that the nematode signal may contain more than one component, some capable of 

interacting with Nod factor receptors, the others affecting different pathways. 
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In conclusion, our experiments demonstrate that NFR1, NFR5 and SYMRK receptors are 

involved in the perception of parasitic root knot nematode signal molecules. NFR1 and NFR5 

receptors are not required for mycorrhization (Radutoiu et al., 2003) while SYMRK is 

required for both bacterial and fungal symbiosis (Stracke et al., 2003). Therefore we propose 

that bacterial, fungal and root knot nematode signaling ligands may be sufficiently similar 

and share the same receptors or may involve additional receptors, which share signal 

transduction pathways. 
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5.1 Abstract 

 
The plant cytoskeleton has important functions in cell division, expansion, differentiation and 

cell-to-cell communications. GFP labeling of cytoskeletal proteins revealed that important 

rearrangements of the cytoskeleton occur during development of the nematode feeding sites, 

termed giant cells, in the early stages of parasitic interaction between root knot nematode 

Meloidogyne incognita and Lotus japonicus. These giant cells were initiated within 24 h of 

nematode infection and appeared to consist of mitotic nuclei enveloped by “pockets” of actin 

and microtubule cytoskeletal elements. Some cortical cells associated with the developing 

feeding structure contained altered cytoarchitecture suggesting that these cells are undergoing 

cell division. In contrast to earlier reports we demonstrate that the penetration of the 

nematode stylet to the site of induction is not necessary for the initation of giant cells. Based 

on these observations we propose that giant cell induction can occur in response to diffusible 

nematode signals which function at a distance in a manner similar to the induction of nodules 

by rhizobial Nod factors.  
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5.2 Introduction 

 

Root knot nematode parasitism is a complex interaction during which the most obvious 

symptom is the induction of typical root galls in host plants. The galling starts rapidly within 

several hours after infection (Bleve-Zacheo and Melillo, 1997) and results in compromised 

nutrient and water uptake. The life cycle of root knot nematodes is tightly interwoven with 

their host plant. The nematodes hatch as second stage larvae (L2) and invade the root just 

above the root tip (Wyss et al., 1992; Lohar and Bird, 2003). Following penetration, they 

migrate apoplastically to the root tip at which time they turn around and then migrate 

basipetally to the vascular cylinder (Wyss et al., 1992; Lohar and Bird 2003). The migration 

is completed within 24 hours and L2 become sedentary in the xylem parenchyma where the 

permanent feeding sites are established. The juveniles then develop into saccate adults, which 

produce large egg masses. 

 

The development of nematodes within the host plant depends on the specialized feeding sites. 

Stimulation from RKN larvae causes the differentiation of individual parenchyma cells into 

feeding cells, termed giant cells. These multinucleate transfer cells are thought to arise as a 

result of repeated synchronous nuclear divisions without cytokinesis (Jones and Payne, 

1978). The nuclei are highly polyploid and ameboid. The cells have increased cytoplasmic 

volume containing numerous cellular organelles and small vacuoles indicating high 

metabolic activities. The giant cells increase their surface through the development of cell 

wall ingrowths followed by invaginations of plasma membrane. Lateral expansion of cells 

result in cells as large as 600 µm in length and 200 µm in diameter (Bleve-Zachio and 
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Melillo, 1997). Each RKN induces the development of 5-7 such cells, which function as 

carbon sinks (Jones and Northcote, 1972). 

 

Previous studies have shown that the presence of the nematode alone is sufficient and 

necessary for the production of giant cells and that these highly specialized cells are 

maintained by the continuous presence of the female (Bird, 1979).  The development of giant 

cells is believed to be induced by the injection of glandular secretions via the nematode stylet 

into several parenchymatic cells surrounding the head (Hussey 1989). However no direct 

evidence for this model has been shown and it is conceivable that such developmental signals 

may also be produced at a distance from the differentiating feeding site.  

 

In the present study we examined the cytoskeleton during the development of giant cells. 

Here we show that the induction of giant cells during Meloidogyne incognita infection of 

Lotus japonicus is rapid with giant cells formation occurring within 24 hours after nematode 

addition. Our experiments demonstrate that the presence of the nematode at the precise site 

of induction is not necessary for the giant cell induction. We also observed the cytoskeletal 

dynamics during giant cell formation using hairy roots expressing GFP labeled cytoskeletal 

proteins. We show that the developing giant cells consist of nuclei enveloped by pockets of 

actin and microtubule cytoskeletal elements. 
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5.3 Materials and Method 

5.3.1 Plant Culture 

Lotus japonicus Gifu seeds were scarified and sterilized in concentrated sulfuric acid for 5-10 

min and then washed 5 times in sterile water. Seeds were germinated on wet filter paper in 

the dark at 22oC. Germinated seedlings were placed on slopes of ½ strength Gamborg’s B5 

media with 1.2% Agar (Sigma) and maintained at 22oC with a 16/8 h light-dark regimen.  

 

5.3.2 Hairy root transformation 

Hairy roots were induced as described in Stiller et al. (1997). 4-5 day old seedlings were 

wounded in the hypocotyl area by an intradermal bevel needle attached to a syringe (1 ml 

26G Tuberculin slip tip, B-D syringe, Bectin Dickinson & Company, New Jersey) and 1-3 

drops of A. rhizogenes inoculum were applied to the wound. A 2-day-old A. rhizogenes 

culture grown on solid YEB was scraped and the cells suspended in sterile water were used 

as an inoculum. After inoculation, plants were incubated overnight in the dark under a 16/8 

day/night cycle at 22ºC. Hairy roots grew from the wound site in 2 weeks. Plants with newly 

grown hairy roots were excised and placed on ½ strength Gamborg’s B5 media (1.2 % Agar) 

with 300 µg/ml Cefotaxime.  

 

5.3.3 Vector construct and Agrobacterium strain 

The A. rhizogenes strain AR10 was used. GFP::MAP4 and GFP::Talin constructs driven by 

CaMV 35s promoter were inserted into binary vectors pBin plus and pWPF 127 respectively. 
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The binary vectors contain NPT II as a resistant marker. The binary vectors were 

electroporated into A. rhizogenes strain AR10. 

 

5.3.4 Nematode Culture and Inoculation: 

Root knot nematode Meloidogyne incognita was maintained on tomato plants in the green 

house. The egg masses were extracted with 0.5% (v/v) NaOCl and cleaned by suspending 

them on a 40% sucrose pad. The second stage larvae were hatched as described by Hussey 

and Baker (1973). Hatched larvae were surface sterilized with 10% Clorox and suspended in 

sterile de-ionized water. Plants were inoculated with about 10-20 infective larvae. 

 

5.3.5 Confocal Microscopy: 

Samples were imaged using a Leica SP confocal microscope (Leica, Wetzlar, Germany) with 

a 40 X numerical aperture (N.A) 1.2 water immersion objective (Zeiss, Thornwood, NY) in 

fluorescent and transmitted light modes. Optical stacks were recorded with GFP excited at 

488 nm and emission collected from 500-550 nm. Transmitted light DIC (Differential 

Interference Contrast) images were recorded concurrently. Images were processed using 

Leica confocal software and Adobe Photoshop 7.0.  Volume rendering of confocal stacks 

was performed using a maximum projection algorithm 

 

 

5.4 Results 

The plant cytoskeleton is a dynamic structure, which responds to extracellular and 
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intracellular stimuli. The objective of these experiments was to describe the cytoskeleton 

reorganization that occurs during early parasitism in L. japonicus. The data presented below 

were obtained from at least 10 independent microscopic observations of the zones displaying 

the development of the putative feeding site in intact roots. The roots were screened for the 

induction of feeding sites 24 h after the addition of M. incognita L2 and the putative site was 

imaged in the z-direction into the root.  

 

5.4.1 Formation of the feeding site 

The microtubule (MT) configuration in L. japonicus plants was studied by two methods: 

GFP::MAP4 expression using hairy root transformation and chemical fixation followed by 

immunodetection of MTs (data not shown) which gave similar results. In the epidermal cells 

of L. japonicus plants with GFP::MAP4 the cortical MTs were oriented obliquely or 

transverse to the long axis of the root (Fig. 1A, denoted by e) as previously described (Cyr, 

1994; Baluška et al., 2000; Wasteneys, 2000; Sieberer et al., 2002). On the other hand, the 

cortical cells displayed cortical microtubules generally organized in parallel arrays, which are 

obliquely arranged (Fig. 1B and movie 1). The MT configuration of epidermal and first layer 

cortical cells in infected and uninfected (data not shown) plants were similar. 

 

The area differentiating into the feeding site can be observed first at a depth of z = 400 µm 

from the root surface. The MTs in the area, which is undergoing de-differentiation, are 

arranged in small “pockets” (Fig. C-J, movie 1) while the surrounding cortical cells have the 

normal arrangement of cortical MTs as previously described.  These pockets are visualized 

more clearly by partial reconstructions of confocal stacks (Fig. 1J, movie 2). Light scatter at 
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deeper z positions made imaging in this area challenging. 

 

In nematode inoculated plants, the areas undergoing activation were further examined at 

higher magnification and by reconstructions of confocal z-stacks using the maximum 

projection algorithm, which enabled the visualization of a series of images projected into a 

single plane. Stacks of confocal images of the putative feeding site were divided into several 

sections, each projected into a single plane to illustrate the organization of the MTs (Fig. 2, 

movie 3). Observation of the feeding site area demonstrated that each pocket-like area 

contains MTs which are cortically positioned. These MTs consists of predominantly parallel 

arrays arranged perpendicular or slightly oblique to the elongation axis of the root (Fig. 2, 

arrow). The concomitant differential interference contrast (DIC) images indicated that some 

of the edges of the cortical MT positions denoted by GFP::MAP4 correspond to the vicinity 

of the cell walls (Fig. 2 D). This suggests that the activated feeding site area contained many 

small pockets of MTs possibly bounded by a cell wall. However, not all of these small 

pockets were completely enclosed (Fig. 2 C, E and F, arrowhead). It is of significant interest 

to note that we did not observe the presence of nematodes attached to these unusual 

structures of MTs. 

 

The infected GFP::Talin expressing plants showed comparative structures during feeding site 

formation. The cortical cells of the plants exhibited longitudinally oriented actin filaments 

surrounding ellipsoid nuclei positioned against one of the longer cell wall (Fig. 3 A, arrow). 

In most instances, the cytoskeletal changes were seen without the close proximity of a 

nematode L2, although occasionally we observed the presence of a nematode adjacent to the 



 128

feeding site (Fig. 3 B). However the nematode was in a different focal plane from the 

prospective feeding site and was not in physical contact to it. The cortical cells immediately 

adjacent to the developing giant cells exhibited a strong fluorescence around the nucleus. The 

nucleus of such cells was round and positioned at the center (Fig. 3 C, arrow). The 

developing feeding site was clearly defined by small pockets of actin (Fig. 3 D-F, 

arrowhead). As in the plants expressing GFP::MAP4, concomitant DIC images revealed that 

these small pockets of actin are bound by a thickened cell wall. Magnified and reconstructed 

images show possible mitotic activities within each pocket (Fig. 3 F, movie 4). 

 

5.4.2 Infection related microtubule structures 

In uninfected plants, the cortical cells of the parallel zone contained ellipsoid nuclei 

positioned against one of the longitudinal walls (data not shown). The cells immediately 

adjacent to the developing nematode feeding site exhibited an increase of fluorescence 

around the nucleus. This was observed in plants expressing GFP::Talin (Fig. 3 C, arrow) as 

well as GFP::MAP4 (Fig. 4 A and B, arrowhead). The cells contained a round shaped central 

nucleus with a large nucleolus (Fig. 4 A and B, movie 5). The MTs of such activated cells 

displayed perinuclear radiating endoplasmic MT arrays (Fig. 4 A and B). The cortical MTs of 

these cells did not exhibit parallel assembly but were randomly organized with cells of 

isodiametric shape (Fig. 4 A and B). 

 

Some cells in the same vicinity also exhibited sickle shaped MT structures (Fig. 4 D-F). 

These structures contained intense fluorescence labeling, which made imaging of other MTs 

of the cells difficult. The 3-D rotations (at 30˚ and 60˚) of reconstructed images showed that 
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the sickle shaped structures were situated in the center of the cells (Fig. 4 D and E). 

 

5.4.3 The introduction of the nematode stylet in to cells is not 

necessary for the induction of the feeding site 

The initiation of the feeding site was rapid and started within 24 h post inoculation of 

nematodes. In no instance did we observe nematodes in direct physical contact with the 

vascular parenchyma cells during the earliest observable events of giant cell induction 

indicating that their attachment to the feeding site is not necessary for its initiation. In some 

cases we did observe the nematode adjacent to the developing feeding site. However, 

confocal imaging revealed that the nematode was in a different focal plane than the feeding 

site and not attached to it (Fig. 3 and 5 and movie 6 and 7). Since nematodes are highly auto-

fluorescent, we used a Krypton laser (568 nm) for their visualization to demonstrate that it is 

distinct from the GFP fluorescence (Fig. 5). Using two distinct excitation lines (488 and 568 

nm) and emission windows (500-550 and 600-700 nm) showed that GFP fluorescence 

partially contributed to the nematode image and also illustrated that the feeding site cells as 

opposed to surrounding cells have autofluorescent thickened cell walls, possibly due to the 

presence of secondary plant metabolites. Individual feeding sites contained several cells with 

thickened cell walls (Fig. 2, 3 and 5). 



 130

Fig.  1 Developing nematode feeding 

site visualized by GFP::MAP4.  

Images were collected in the z-

direction in steps of 80 µm. Epidermal 

cells (A, denoted e) and cortical cells 

(B, denoted by c) contain obliquely or 

transversely oriented MTs. The 

developing feeding site (C-J, arrow) 

consists of small pockets of MTs. 

Projection (maximum projection 

algorithm) of several sections from 300 

µm to1200 µm (J) displays MTs of the 

cortical cells and the developing 

feeding site. Scale bar, 40 µm 
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Fig.  2 Full stack projections of confocal images of a developing feeding site.  

Area shown in GFP::MAP4 fluorescence (A) and corresponding transmitted light image (B) 

of giant cells (c, cortical cells) was magnified, divided into 3 sections and projected as a 

single image (C, E, F). Pockets of MTs, some incomplete (arrowhead), contain MTs (arrow), 

which are cortically positioned, predominantly parallel arrays arranged slightly oblique to the 

elongation axis of the root. The concomitant differential interference contrast (DIC) images 

(B and D) displayed cell wall boundaries. Scale bar, 40 µm 
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Fig.  3 An infected Lotus plant expressing GFP::Talin.  

The cortical cells (A) of the plants exhibited longitudinally oriented actin filaments 

surrounding ellipsoid nuclei (arrow) positioned against one of the longer cell wall. The 

juvenile nematode (denoted by n) were observed in a different focal plane (B) than the 

feeding site (D-F). The cortical cells (denoted by c) immediately adjacent to the developing 

giant cells exhibited round nuclei positioned at the center of the cells (C, arrow). The 

developing giant cells (GC) were clearly defined by small pockets of actin (D-F, arrowhead). 

Concomitant DIC images revealed that these small pockets of actin are bound by a thickened 

cell wall. Magnified and reconstructed image show possible mitotic figures within each 

pocket (F). Scale bar, 40 µm 
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Fig.  4 MTs of cortical cells.  

Single image (A) of the confocal z-stack and the total projection (B) of a cortical cell 

adjacent to the developing giant cells contained a round shaped central nucleus (arrowhead) 

with a large nucleolus. The MTs of such activated cells displayed perinuclear radiating 

endoplasmic MT arrays (arrow). 30˚ (D) and 60˚ (E) rotations of the total confocal stack 

show cells displaying sickle shaped MT structures (asterisk). C and F show corresponding 

DIC images. Scale bar, 40 µm 
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Fig.  5 Confocal images of a nematode within an infected plant.  

The nematode was observed in a different focal plane than the developing giant cells. 

GFP::Talin was excited at 488nm (A) while the autofluorescence of the nematode (B) was 

observed using the 568nm laser. The emission windows were 500-550 and 600-700 nm 

respectively. The overlay image (C) shows both GFP fluorescence and autofluorescence. 

Scale bar, 40 µm 
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5.5 Discussion 

In this paper, we report changes in (1) the spatial configuration of the cytoskeleton during 

development of the feeding site during nematode infection and (2) the cytoskeletal 

reorganization and the nuclear position of cortical cells immediately adjacent to the 

developing feeding cells. We show that the earliest observable events of feeding site (i.e. 

giant cells), formations consist of small pockets of cytoskeletal elements wrapped around 

individual nuclei, many of which are surrounded by thick cell walls possibly containing 

secondary plant metabolites. Some cortical cells immediately adjacent to the developing 

feeding structure contain a centrally located nucleus with altered cytoarchitecture suggesting 

that these cells may undergo cell division. Most importantly we demonstrate that in contrast 

to the generally accepted view, the injection of the nematode stylet to the site of induction is 

not necessary for the development of giant cells. 

 

All diffuse growing interphase plant cells expand preferentially in one direction and this 

expansion is thought to be mediated by the cytoskeleton (Kost et al., 1999). Therefore diffuse 

growing cells have cortical MTs arranged transverse to the direction of cell expansion or 

elongation (Kost et al., 1999; Schmit, 2000; Sieberer et al., 2002). As the cell stops 

expanding these MTs show an oblique arrangement (Cyr, 1994; Wasteneys, 2000). In these 

cells the actin cytoskeleton intersperses with the MTs around the cell cortex and the nucleus. 

Actin can also be observed in the cytoplasmic strands. The distribution of actin is similar to 

that of MTs but not identical (Schmit, 2000). The diffuse growing epidermal cells and 

cortical cells of Lotus japonicus have this typical arrangement of MTs and actin.   
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Plant MTs and actin have been shown to be essential components of nuclear division and 

cytokinesis (Cleary, 1995; Hepler and Hush, 1996; Staehelin and Hepler, 1996; Schmit, 

2000). In cells, which undergo nuclear division, MTs form the spindle while actin mainly 

forms a cage around the mitotic spindle. During cell plate formation the actin and MTs are 

arranged parallel to each other but act independently (Schmit, 2000). Root knot nematodes 

transform vascular parenchyma cells into large multinucleate giant cells. The giant cells are 

believed to arise by repeated mitosis without cytokinesis (Jones and Payne, 1978; Gheysen et 

al., 1997) although some lines of evidence support the cell wall breakdown and fusion of 

neighboring cells as the very earliest steps in the formation of giant cells (Bird, 1973). Our 

experiments demonstrate that the feeding site of nematodes consists of several cells with 

thickened cell walls. These cells contain small pockets of cytoskeleton enveloping individual 

nuclei, which undergo mitosis. Since giant cells are multinucleate, the small pockets of 

cytoskeleton may facilitate nuclear division giving rise to a large number of nuclei within 

each cell. We speculate that these pockets of cytoskeleton result from acytokinetic mitosis 

with incomplete cell plate formation. Studies by Jones and Payne (1978) support this view. 

However our methods may not be sensitive enough to detect very thin primary cell walls 

around the cytoskeletal pockets. Therefore it is also conceivable that giant cells arise by rapid 

cell division followed by cell wall disintegration. Further tests should include 

immunolocalizations of cell wall components to reveal the extent of cell walls, nuclei and the 

“pockets”. 

 

When cells differentiate to form meristematic structures such as nodules during rhizobia-
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legume symbiosis, the nucleus has been seen to move from its lateral position to the center of 

the cell. In such cells the cytoplasmic strands and MTs radiate from the nucleus to the cortex 

where the cytoskeleton is randomly organized (Timmers et al., 1999).  Although the nuclear 

division during giant cell formation has been observed in several studies, the cell biological 

events leading to the formation of a root knot gall remain largely obscure. Our studies clearly 

show that the cortical cells of nematode infected cells exhibit dramatic reorganizations of 

cytoskeleton commonly associated with cortical cell activation during rhizobia-legume 

nodulation.  

 

It has been suggested that the initiation of the root knot nematode feeding site is induced by 

the injection of glandular secretions via the nematode stylet into several root cells (Linford, 

1937; Hussey 1989; Bleve-Zacheo and Melillo, 1997; Williamson and Gleason, 2003). 

However this view has not been proven although it was shown that the nematode alone is 

necessary and sufficient for the production and maintenance of giant cells (Bird, 1979). In 

our study we observed the initiation of the feeding sites 24 h after the addition of nematodes 

without the direct presence of the nematode at the putative giant cells. In some rare cases 

where a nematode was physically present within close proximity, the larva was not attached 

to the dedifferentiating cells indicating that direct injection of nematode secretions is not 

necessary for induction of giant cells. Therefore we speculate that diffusible nematode signal 

molecules are capable of inducing giant cells. Since nematodes and nodulating rhizobia share 

homologous EST sequences such as genes involved in the production of rhizobial Nod 

factors (McCarter et al., 2003; Scholl et al., 2003), the nematode signal molecules may 

induce dedifferentiation and cell division similar to rhizobial Nod factors (Downie and 
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Walker, 1999). 

 

In conclusion, the cytoskeletal reorganizations and the development of giant cells described 

in this report should provide a valuable insight into nematode parasitism. The demonstrated 

common aspects between nematode parasitism and rhizobial nodulation will play a key role 

in our understanding of these economically important relationships. 
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Movie Legends 

Movie 1: 

Confocal z-stack imaged progressively into the infected plant expressing GFP::MAP4. 

Images acquired at 80 µm intervals display the MT cytoskeleton of epidermal cells, cortical 

cells and the developing feeding site. 

 

Movie 2: 

3-D reconstruction of a developing feeding site shows small pockets of MTs and adjacent 

cortical cells with oblique MTs. 

 

Movie 3: 

3-D reconstruction of a developing feeding site shows small pockets of MTs possibly 

bounded by a cell wall. However, not all of these small pockets are completely enclosed. 
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Movie 4: 

3-D reconstruction of confocal z-stack of a plant expressing GFP::Talin. The initiated giant 

cells contain small pockets of actin enveloping individual nuclei. Some pockets show 

possible mitotic figures. 

 

Movie 5: 

Some cortical cells adjacent to the nematode feeding site display centrally positioned large 

nuclei and perinuclearly radiating MTs. The cortical MTs of these cells are arranged    

randomly. 

 

Movie 6: 

Confocal z-stack showing the position of a nematode in relation to the infection site. The 

actin is depicted in green and the nematode in red. GFP::Talin was excited at 488 nm while 

the nematode was excited at 568 nm. 

 

Movie 7: 

3-D reconstruction of confocal z-stack showing the position of the nematode in relation to the 

infection site. The actin is depicted in green. The cortical cells immediately adjacent to the 

feeding site displayed centrally positioned nuclei. 
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6 Conclusions and perspectives 

 

Legumes are unique in their response to rhizobial Nod factors and we are only beginning to 

understand the molecular mechanisms, which govern the development of a nodule during 

legume-rhizobia symbiotic association. The preceding experiments demonstrate that the Nod 

factors generated by these beneficial organisms may in some way be similar to signals that 

are generated by plant parasitic root knot nematodes. The root knot nematode signal 

molecules appear to share common receptors and induce similar downstream cytoskeletal 

and morphological changes to those that are generated by bacterial Nod factors. Similar to 

rhizobial Nod factors the nematode-signals are capable of cellular de-differentiation leading 

to the formation of a nodule-like structure, the gall. Although similarities between nodules 

and gall may be limited, the results suggest that horizontal gene transfer may have been a key 

in the development of nematode parasitism. Future experiments to elucidate the molecular 

and physiological pathways induced by nematodes, rhizobia and mycorrhiza will play major 

role in our understanding of these economically important relationships. Currently measures 

to control plant parasitic nematodes are limited and this results in substantial crop losses. 

Therefore identification of processes induced by nematodes will be valuable resources for 

creating new forms of nematode resistant plants or chemical-control strategies. 


