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ABSTRACT 
 

Plant parasitic nematodes cause billons of dollars in annual crop losses. One of the 

most damaging is the root-knot nematode, Meloidogyne incognita, which is known to 

attack more than 3000 plants. This research will contribute to the understanding of host-

plant resistance through characterization of the early infection processes of Meloidogyne 

incognita race 3 in susceptible (Lahontan) and resistant (Moapa) alfalfa cultivars by light 

microscopy and transmission electron microscopy.  

Neither differential penetration of M. incognita J2 into Lahontan, nor migration of J2 

from Moapa, played a significant role in the resistance mechanism(s).  Coiled nematodes  

in the cortex were observed in greater numbers in the Moapa 48 hours after inoculation. 

This position was interpreted as a sign of disorientation and starvation. By 96 hours after 

inoculation, no coiled nematodes were observed in Lahontan.  In Moapa, resistance 

probably depends not only on the failure of the J2 to identify a suitable feeding site and 

initiate giant cells, but also on its inability to maintain the giant cells, once they are 

initiated. 

At the ultrastructural level, 48 hours after inoculation, the most evident change in 

both cultivars was the appearance of a uniform interstitial material (IM) between the 

nematode cuticle and the root cell wall. At 96 hours, IM in Moapa was completely 

agglutinated while in Lahontan it was still uniform or only slightly agglutinated.  Due to 

these clear differences between both cultivars I propose that the IM plays a role in the 

resistance of Moapa to M. incognita.
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Immunolabeling techniques were employed to determine if the distribution of the 

nematode’s surface coat, deposited in host tissues, differs in resistant and susceptible 

alfalfa cultivars. At 72 hours after inoculation, labeling of surface coat epitopes in Moapa 

was stronger than at 24 and 48 hours after inoculation. Labeling was observed on the 

nematode’s cuticle, the plant cell wall, and the IM.  In Lahontan, 72 and 96 hours after 

penetration, labeling of the surface coat epitopes was observed on the nematode’s cuticle, 

the root cell walls, and the cell wall junctions of cells near the nematode, but not in direct 

contact with the cell.  
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INTRODUCTION 
 

Plant parasitic nematodes are responsible for causing billions of dollars in annual 

crop losses (Bird, & Bird, 2001). Among them are root-knot nematodes of the genus 

Meloidogyne (Tylenchina: Meloidogininae). Berkeley (1855) first described Meloidogyne 

spp. on cucumber roots (Gravato-Nobre, et al., 1999). Root-knot nematodes are among 

the least host-specific plant endoparasites. The majority of plant species that account for 

the world’s food supply are susceptible to root-knot nematode infection (Gravato-Nobre, 

1996).  These obligate endoparasites depend completely on the formation of highly 

specialized feeding sites composed of several multinucleate giant cells.  

In general, a susceptible host response to any nematode invasion can be considered 

at two levels: 1) the response of the whole plant and 2) the response of the plant cells in 

the immediate vicinity of the nematode. The response of the whole plant can be observed 

as a decline in photosynthetic rate, fruit production, plant stunting and symptoms of 

nutritional deficiencies. Whole plant responses may involve the stem and leaves, as well 

as the roots, and are very obvious (Bird, 1974). Plant cells in the immediate vicinity of 

the nematode may suffer mechanical injury (due to the nematode’s penetration), and/or 

cell necrosis, and /or gall formation. These responses have been well documented by 

many authors, including Christie (1936), Dropkin, (1969), Bird (1974), & Bird (2004). 

On the other hand, resistant host responses can involve: 1) plant production of lethal 

toxins that kill the nematode (phytoalexins), 2) the lack of nutrients or substances 

necessary for the development and reproduction of the nematode, 3) the absence of plant 

nematode attractants and 4) the induction of cellular changes such as host cell necrosis, 
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also known as hypersensitive reaction (HR), which inhibits nematode development.  The 

biochemical mechanisms of resistant host responses are not totally understood (Giebel, 

1973).   This research will attempt to contribute to the understanding of the host resistant 

response through the comparison of the early responses of resistant and susceptible 

alfalfa cultivars to infection by Meloidogyne incognita (Kofoid & White, 1919) 

Chitwood, 1949.   

Control of nematodes is usually attempted through cultural practices, such as crop 

rotations or by biological and/or chemical control. Since the 1950s, nematicides have 

been used almost exclusively for effective control of nematodes in high-value crops but 

are not economical for low-value crops such as alfalfa (Chang et al., 1973). In 1982, 

approximately 109 million pounds (active ingredient) of nematicide were applied to crops 

in the USA. During the period of 1986 to 1990 in the Netherlands the amount of 

nematicides applied was three times the combined total of chemicals applied to control 

insects, fungi, and weeds on experimental farms (Bird & Bird, 2001). For many years the 

availability of effective agricultural nematicides reduce the practical necessity to study 

the basic biology of plant-parasitic nematodes. However, in recent decades, issues such 

as groundwater pollution, toxicity problems in mammals and birds, and residues in food, 

have caused a restriction on the use of agricultural chemicals. The cancellation of 

registration for the use of fumigant nematicides such as 1,2-dibromo-3-chloropropane 

and ethylene dibromide, and the removal of methyl bromide from the market in 2005, 

have reduced the number of available nematicides (Boerma & Hussey, 1992). Besides 

environmental and health concerns, the use of nematicides increases crop production 
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costs substantially. For example, the cost of potato production in the United Kingdom 

increased 80% due to the high cost of nematicides (Atkinson et al., 1993). Therefore, 

alternative methods of control, including the use of resistant varieties, are becoming 

increasingly important (Bird, 1996; Boerma & Hussey, 1992; Roberts, 1993; Sijmons et 

al., 1994). 

Host plant resistance is a key element to the solution of many problems caused by 

nematodes. Currently, use of resistant cultivars has been an effective tool to manage plant 

parasitic nematodes in several crops where yield increases of 10-50% have been achieved 

(Roberts, 1992; Young, 1992). For example, the introduction of the Heterodera glycines 

(Ichinohe, 1952) resistant soybean cultivar “Forrest” has saved growers over $400 

million USA dollars in a 5-year period in southern USA. Unfortunately, nematode 

resistance is yet to be identified and incorporated into most crops plants (Bird, 1996; Bird 

& Bird, 2001). 

Resistance depends upon the plant’s ability to oppose the penetration of the 

nematode or its post-penetration development.  This, in turn, is determined by plant 

metabolism, which is genetically defined (Giebel, 1982). The most common postinfection 

cellular response to Meloidogyne spp. is a hypesensitivity reaction (HR), which has been 

reported on snapbean (Phaseolus vulgarus), tomato (Lycopersicum esculentum), soybean 

(Glycine max), tobacco (Nicotiana tabacum) and many other crops.  

Moapa 69 (resistant), hereafter designated “Moapa”, and Lahontan (susceptible) are 

two alfalfa cultivars that show differences in response to attack by M. incognita.

Resistance to M. incognita in Moapa occurs in the absence of an HR response within a 
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period 3 to 4 days after root penetration but the nematode did not establish a feeding site 

and failed to develop in Moapa (Potenza et al., 1996). It is speculated that possible egress 

or death of nematodes may have been the reason for such failure in Moapa (Reynolds et 

al., 1970). 

Alfalfa (Medicago sativa) is a useful model-host to characterize M. incognita’s early 

infection events because susceptible and resistant cultivars for this host plant are 

available. Moapa is a selection of alfalfa with African origins that has retained its 

resistance to M. incognita and M. javanica (Reynolds et al., 1970). There are certain 

characteristics that account for this efficiency. M. sativa is easy to manipulate because of 

the small size of its seedlings and seeds. It has translucent herbaceous roots, which make 

them easy to stain, and to observe the nematodes’ behavior inside them. Finally, there is 

good understanding of the cytological and genetic behavior of the alfalfa (Stanford et al., 

1958). There are a number of Root-Knot-resistant varieties of alfalfa commercially 

available (Griffin & Waite, 1971; Reynolds, 1970), and this resistance has remained 

effective over an extended period of time (Stanford et al., 1958; Goplen, & Stanford, 

1960).  

Although plants are capable of distinguishing self from foreign material they do not 

possess immune systems like those found in vertebrates. Thus antigen-antibody 

interactions are found in defense responses only in vertebrates. Defense responses in 

plants include the production of phytoalexins, including phenolic compounds, and the 

production of lectins with agglutinating properties, among others. The discovery that 

many nematode proteins are powerful antigens, has led to the concept that antibodies 



18

raised in experimental animals against crude extracts could be important tools for 

serological and immunological purposes (Almond & Parkhouse, 1985; Gravato-Nobre, 

1996). Antibodies, also known, as immunoglobulins are proteins synthesized during an 

animal’s response to exposure to a foreign agent, and the substances to which antibodies 

can bind are known as antigens (Pratt, 1992).  

Antibodies are an invaluable research tool in immunocytochemistry applied to plant 

pathology (Hussey, 1988, 1989; Hussey & Jansma, 1988; Davies & Lander, 1992; Davies 

et al., 1992; Gravato-Nobre et al., 1999; Hu et al., 2000).  The M.  incognita surface coat 

(SC) antibody (MISC) was developed against the surface coat of M. incognita (Gravato-

Nobre et al., 1999). It is an IgG1 monoclonal antibody raised in a BALB/c female mouse, 

and is highly specific to Meloidogyne spp. surface coat epitopes. Immunoelectron 

microscopy has shown that MISC binds specifically to the outer cuticular layer, known as 

the surface coat, but not to the cuticular matrix of M. incognita. It recognizes membrane-

bond vesicles dispose around the duct in the secretory-excretory gland. MISC was also 

able to detect cuticle imprints from deposits of the surface coat materials in Arabidopsis 

thaliana (Gravato-Nobre, 1996). Evidence supports the hypothesis that surface coat 

carbohydrates play a crucial role in the specificity of interactions between nematodes and 

their host (Zuckerman, 1983). For this reason MISC was used in this study to detect 

traces of the SC left during migration of J2 in resistant and susceptible alfalfa cultivars to 

determine if differences of surface coat deposition were related to the resistance response 

of alfalfa. 
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The overall goal of this study was to characterize the early infection processes of M. 

incognita race 3 in susceptible (Lahontan) and resistant (Moapa) alfalfa cultivars utilizing 

a combination of light and transmission electron microscopy. The knowledge gained will 

provide valuable information regarding the response of alfalfa roots to invading 

nematodes, and will also facilitate the development of more effective strategies to protect 

plants against Meloidogyne spp. 

Specific objectives 

Objective 1. To compare the rate of penetration of M. incognita race 3 juveniles (J2) 

in resistant (Moapa) and susceptible (Lahontan) alfalfa cultivars. 

There are several examples of resistant plants that are penetrated by nematode 

juvenile stages as readily as are susceptible plants. Less frequently, resistant plants are 

penetrated in smaller numbers and occasionally a plant is not attacked at all (Rohde, 

1972). Goplen and Stanford (1959) studied the nature of resistance in two alfalfa 

selections against Meloidogyne hapla and Meloidogyne javanica. They concluded that 

resistance in alfalfa against M. hapla apparently is due to a complete failure of nematodes 

to penetrate the roots of resistant plants. In contrast, they found that M. javanica did enter 

both resistant and susceptible plants but weren’t able to reproduce in the resistant ones. 

The reason why M. hapla was unable to penetrate the resistant cultivar is not known. 

Differences in the structure of the root tip in the two cultivars were not observed. Griffin 

and Waite (1971) studied the attraction of M. hapla and Dytilenchus dipsaci to resistant 

and susceptible alfalfa cultivars and concluded that M. hapla was more attracted to 

susceptible than to resistant cultivars. Several authors have shown that M. hapla does not 
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enter roots of corn or other grasses up to 14 days after inoculation and that J2 may enter 

the roots of some resistant species, but development of J2 in resistant plants is retarded 

with only a few, if any, reaching maturity (Madamba et al., 1965). In this respect Christie 

(1946, 1949) cited by Madamba et al. (1965) indicated that retarded development, not the 

failure of J2 to penetrate, is considered a manifestation of the unsuitability of a given host 

plant. 

 Sosa-Moss et al. (1983) studied the penetration rate of tobacco by four Meloidogyne 

species (M. arenaria, M. javanica, M. hapla, and M. incognita).  All four species 

penetrated the susceptible (Mc Nair-994) and resistant cultivars (G-28), but fewer entered 

the resistant one. According to these authors, M. incognita J2 that penetrated the resistant 

cultivar apparently died and deteriorated 14 days after inoculation. No galls were 

observed on roots of the resistant plants. Nematodes caused widespread necrosis, which 

was more visible at 14 days than at 35 days after inoculation. A few nematodes were 

detected in the necrotic tissue at 35 days, but they were in poor condition or dead. These 

results and previous studies all indicated that the nature of resistance is not the same in all 

plants even within the same plant species (Goplen & Stanford, 1959). According to 

Reynolds  (1970) a similar situation may occur when J2 of M. incognita entering roots of 

resistant plants in high numbers show variation in the degree of their development: J2 

may completely fail to enter, or may enter in fewer numbers with little or no 

development. These studies show that the nature of the mechanism of resistance to M. 

incognita in the alfalfa cultivar, Moapa, is not clear. 
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Objective 2. To compare nematode behavior and development of J2 during the first 

96 hours after inoculation. 

 Potenza and collaborators (1996) studied J2 behavior of M. incognita and the early 

molecular host responses in infected roots of the alfalfa cultivars, Moapa and Lahontan. 

Ten-day-old alfalfa seedlings were inoculated and harvested 12, 24, 48, and 72 hours 

after inoculation. Differences in the translation products between the control and infected 

roots were detected as soon as 24 hours after inoculation. Additional, more pronounced 

changes in gene expression in the roots of Moapa and Lahontan occurred 72 hours after 

inoculation, but differences in the levels of infection and location of J2 in resistant and 

susceptible cultivars were not observed. Twelve hours after inoculation, J2 were localized 

slightly above the root apex, and after 24 hours most nematodes migrated to the root tip 

in both cultivars. However, at 48 and 72 hours, differences in J2 behavior between 

resistant and susceptible cultivars were observed. In Lahontan, J2 had migrated up to the 

developing vascular cylinder, and 72 hours after inoculation most J2 were inside the 

vascular cylinder. In Moapa, no J2 were observed in the vascular cylinder 72 hours after 

inoculation. J2 remained clumped and apparently disoriented at the root apex for about 7 

days. No J2 were observed in the root of the resistant cultivar 14 to 21 days after 

inoculation. According to the authors, there was no microscopic evidence of physical 

barriers, cell necrosis or other conditions that could explain the failure of J2 to enter the 

vascular cylinder in Moapa. The authors concluded that resistance against M. incognita 

begins within the first 3-4 days after penetration, before J2 enter the vascular tissue, at a 

time when a hypersensitive response normally is induced (Potenza et al., 1996). 
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 Changes in gene expression also have been observed with wound or defense responses 

(Dropkin, 1980). In tomato, defense genes are active as soon as 12 hours after 

inoculation. The majority of these genes are induced in both resistant and susceptible 

cultivars, but with differences in intensity and timing (Gheysen & Fenoll, 2002). These 

changes in gene expression may play a critical role in the interaction of the nematode 

with its host and they also delineate for study an early critical period in the nematode-

host relationship.  

Objective 3. To re-examine J2 migration from resistant and susceptible alfalfa 
cultivars. 
 

M. incognita J2 behavior in resistant and susceptible cultivars has been studied by 

several authors (Reynolds et al., 1970; Griffin & Waite, 1971; Herman et al., 1991; 

Schneider, 1991; Potenza et al., 1996; Mercer et al., 2004). Most of these studies report a 

reduction in the number of J2 in roots of resistant cultivars’ over time. However, these 

studies disagree over whether the reduction of J2 happens because the nematodes are able 

to migrate out of the roots or because they die and disintegrate in the root tissue.   

Wallace cited by Reynolds et al. (1970) suggested that nematodes may invade and then 

leave resistant roots but tend to remain in susceptible roots.  Studies of penetration of 

resistant cultivars and development of M. incognita on roots of highly resistant soybean 

genotypes (Herman et al., 1991) showed that resistant cultivars were initially penetrated 

by more J2 than the susceptible cultivars and that migration from the roots varied for 

each genotype. However the mean number of J2 remaining in roots did not differ among 

resistant cultivars (the number of J2 found at day 16 was between 7-37). There were 27% 

fewer J2 in roots of resistant cultivars than in roots of susceptible cultivars 14 days after 
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inoculation. According to these authors, the stimulus responsible for this migration is not 

known.  

In another study, Reynolds and collaborators (1970) observed a large number of M. 

incognita J2 in a resistant cultivar (African) within 4 days after inoculation, but a 

reduction of J2 six days after of inoculation. The greatest migration of J2 from the 

resistant cultivar roots was observed four days after inoculation. 

Potenza et al. (1996) also observed a reduction in the number of J2 of M. incognita 

race 3 and M. hapla J2 in resistant (Moapa) alfalfa roots several days after infection. A 

few J2 migrated out of the susceptible cultivar, but the number was small compared with 

the ones observed in resistant cultivar. But no explanations were given to justify for such 

a reduction. 

Objective 4. To study ultrastructural differences between infected resistant and 

susceptible alfalfa cultivars. 

The invasion of susceptible roots by Meloidogyne spp. generally causes important 

changes in plant cells, particularly around the nematode’s head  (Bird, 1961; Paulson & 

Webster, 1970; Endo, 1975). In this area, the plant vascular tissue is transformed into 

giant cells, and hypertrophy and cell proliferation occur. Host changes at the 

ultrastructural level may occur before symptoms are evident (Chang et al., 1973). If so 

the description of these changes would help to clarify differences between susceptible 

and resistant alfalfa cultivars. The use of transmission electron microscopy (TEM) is an 

efficient tool   to examine the ultrastructural interactions between M. incognita and alfalfa 

cultivars. Ultrastructural studies have been done on coffee cultivars resistant and 
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susceptible to Meloidogyne spp. (Rodriguez et al., 2000) on tomato resistant and 

susceptible to M. incognita (Paulson & Webster, 1970), on soybean infected with 

soybean-cyst nematode, Heterodera glycines and reniform nematode, Rotylenchulus 

reniformis (Gipson et al., 1971; Riggs et al., 1973; Rebois et al., 1975), and on alfalfa 

infected by stem nematode, Ditylenchus dipsaci (Chang et al., 1973).  No attempt has 

been made to describe changes at the ultrastructural level in alfalfa cultivars infected by 

M. incognita.

Ultrastructural changes reported by Chang et al. (1973) on alfalfa resistant and 

susceptible cultivars infected with Dytilenchus dipsaci were essentially the presence of 

osmiophylic bodies at 24 hours and alterations or swelling of chloroplast, nucleus, 

nucleus membrane, and endoplasmic reticulum at 72 hours. After seven days the 

susceptible cultivar cell wall was broken, chloroplasts were partially or completely 

disrupted, and there were a large amount of vesicles. In the case of the tolerant cultivar 

most chloroplast were normal unless a large quantity of nematodes were present. The cell 

wall was normal even at a high nematode infection rate. Electron micrographs indicated 

that the ultrastructural changes were the same in susceptible and tolerant cultivars, only 

the infection rate and the degree were different. 

 Objective 5. To study the distribution of M. incognita surface coat epitopes in 

alfalfa roots and determine differences between the resistant and susceptible alfalfa 

cultivars. 

 The nematode cuticle is an interface between the exterior environment and its internal 

cellular system. The outermost layer of the cuticle is a thin epicuticle, which, in many 
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species, may be covered by a surface coat. There is evidence that saccharides in the SC 

act as receptors in host-parasite recognition phenomena and in the recognition and 

attachment of nematophagus fungi to their nematode host. Mannose or glucose have been 

reported from the head region of C. elegans. Blockage of these polysccharides results in 

the loss of the ability of nematodes to respond to chemotactic factors.  Sialic acids also 

have been localized on the head region of Panagrellus redivivus ((Ibrahim & Hollis, 

1967; Bird, 1971; Dropkin, 1980; Zuckerman & Kahane, 1983; Lee, 2002). 

 The SC is secreted by the rectal glands of M. incognita and excreted through the anus 

(Hu & McClure, 2000). Many functions have been proposed for the SC. It may have a 

simple, passive role, such as that of a lubricant to assist in the passage of the nematode 

through its environment (Gravato-Nobre et al., 1999).  But modulation of SC may also 

help to oppose host defense responses or may help nematodes to avoid detection by their 

host. Shedding and regeneration of the surface coat have been observed during the 

migration of M. incognita J2 through the Arabidopsis thaliana tissues. A trail of SC left 

behind and binding to the cell wall of the host, was detected from the point of invasion to 

the feeding site (Gravato-Nobre et al., 1999). These observations lead to the hypothesis 

that the SC may play a role in host recognition. In this study, immunolabeling techniques 

were employed to determine if the distribution of SC deposits differ in resistant and 

susceptible alfalfa cultivars.  
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REVIEW OF LITERATURE 
 

The Host 

Alfalfa  (Medicago sativa) is a perennial plant of the family Leguminosae.  It is an 

important soil-builder and forage crop in the USA.  It stores carbohydrates as starch in 

the roots and also accumulates root nitrogen reserves, both of which are utilized for re-

growth and winter survival (Pennypacker, 2000).   

 Several cultivars resistant to the root-knot nematode, M. incognita, have been 

described (Griffin & Elgin, 1977).  The cultivar ‘African’ was developed by Reynolds in 

1955. The cultivar ‘Moapa’, which is a selection from African (Reynolds et al., 1970), is 

a non-winter-dormant cultivar reported to be highly susceptible to the stem nematode 

Ditylenchus dipsaci, but resistant to the spotted alfalfa aphid, Therioaphis maculata 

(Buckton), as well as to M. incognita, and M. javanica (Reynolds & O’Bannon 1960, 

Elgin et al., 1977). Resistance of alfalfa to M. incognita differs from that observed in 

tomato and tobacco because a hypersensitive reaction (HR) to the parasite does not occur 

(Potenza et al., 1996).  Lahontan is a winter-dormant alfalfa cultivar, resistant to the stem 

nematode D. dipsaci. This resistance is expressed as necrosis, reduced gall formation, and 

reduced reproduction of nematodes (Rohde, 1972). Lahontan is susceptible to M. hapla 

and M. incognita (Griffin & Waite, 1971; Stanford et al., 1958). Generally the northern 

(hardy) varieties or selections of alfalfa are more susceptible to M. javanica javanica and 

M. incognita acrita than the southern varieties (Reynolds & O’Bannon et al., 1960). 
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The Root Knot Nematode (Meloidogyne incognita)

Meloidogyne species are sedentary endoparasites with a worldwide distribution. 

These nematodes cause considerable economic loss and have a very a wide host range 

with of over 3,000 species.  Due to their large host range, cultural control measures 

against root-knot nematode species, such as crop rotation, are impractical in many 

geographic areas (Anonymous, 1978; Boerma & Hussey, 1992; Potenza et al., 1996). 

Currently more than 50 Meloidogyne species have been described. Because of their 

economic impact four Meloidogyne species are considered the most important: M. 

incognita (Kofoid & White, 1919) Chitwood, 1949; M. javanica (Treub, 1885) Chitwood, 

1949; M. arenaria (Neal, 1889) Chitwood, 1949; and M. hapla Chitwood, 1949. 

Together, they are responsible for 95% of all infestations in cultivated land and cause an 

average crop loss of 5% worldwide (Sasser et al., 1983). According to Sasser and 

Freckman, cited by Bird & Wilson (1994), RKN decrease yield of the world’s 40 most 

important food staples and cash crops by an average of 12.3%.  In the USA, Meloidogyne 

spp. have been identified in alfalfa in southwestern sandy soils since 1955 (Reynolds, 

1955; Goplen & Stanford, 1959).  Reynolds & O’Bannon (1960) reported the presence of 

M. javanica and M. incognita infecting alfalfa in Arizona for the first time. It has been 

suggested that reduced life spans of alfalfa may be due to these nematodes (Stanford et 

al., 1958).  

 Several races of Meloidogyne incognita have been distinguished, based on their ability 

to reproduce on differential host plants.  Race 1 comprises about 72% of all M. incognita 
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populations; race 2, 13%; Race 3, 13% and Race 4, 2% (Dropkin, 1988; Sasser et al., 

1983). Like other sedentary endoparasites, these nematodes have evolved a very 

sophisticated relationship with their hosts and depend upon a cluster of host cells, 

modified by the nematode, to obtain nourishment for development and reproduction. The 

most typical symptom of Meloidogyne spp. infection is the galling or knotting of the host 

plant roots, thus its common designation “root-knot nematode”. Nematode-damaged 

roots do not absorb water and fertilizer as efficiently as healthy roots, and nitrogen 

fixation and nodulation are inhibited in leguminous crops parasitized by M incognita and 

M. javanica (Yousif, 1979).  The size and shape of the galls is influenced by the host. For 

example M. incognita induces comparatively large galls in okra, but small or no galls on 

grasses and certain soybean cultivars (Dropkin & Nelson, 1960). Alfalfa cultivars 

infected by M. incognita do not develop the extensive, large galls found on other hosts 

(Reynolds, 1955; Reynolds & O’Bannon, 1960).  

Nematode’s body wall 

 The body wall of nematodes is composed of the cuticle (non-cellular), the hypodermis 

(an underlying cellular/syncytial layer), and the somatic muscles (Figure 1) (Baldwin & 

Hirschmann, 1975; Dropkin, 1980).  It serves as a mechanical structure to provide 

resistance for the muscles and maintain the nematode’s structural integrity. 

 The cuticle is an extracellular layer that overlies and is secreted by the hypodermis 

(Lee, 2002). In addition to its role as an exoskeleton, the cuticle functions as a barrier to 

undesirable elements from the environment, while allowing flexibility and mobility of the 

nematode. In parasitic species, it represents the initial site of contact with the host’s 
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immune response (Page, 2001).  It evaginates into, and lines, various openings in the 

body such as the amphids, phasmids, mouth, rectum, cloaca, anus, vulva, spicules and 

excretory pore. It also occurs as outgrowths including papillae, setae, spines, longitudinal 

ridges and lateral alae. The esophageal lumen is lined with the cuticle, but its composition 

is different from the cuticle of the body wall. The cuticle that lines the various orifices of 

the nematode is usually simpler in structure than the cuticle of the body wall. Externally, 

the cuticle is marked by punctations and transverse and/or longitudinal markings. All 

cuticular structures are shed during the molting process (Ibrahim & Hollis, 1967; Bird, 

1971; Lee & Atkinson, 1977; Dropkin, 1980; Lee, 2002). 

 The average cuticle thickness varies according to species and stage. For example, in 

juveniles, it can be as little as 0.4 µm thick and in adult parasitic-stages it varies in 

thickness from 3 to 50 µm.  Electron micrographs of infective juveniles of M. hapla on

tomato roots showed a non-cellular, multilayered cuticle of about 1.6 µm and 1.5 µm

thick in males. M. javanica female cuticle thickness vary along different body areas.  The 

cuticle of most nematodes studied consists predominantly of highly crosslinked, soluble 

and insoluble structural proteins, mainly collagen (distributed throughout the entire 

cuticle), cuticulins and other minor proteins with traces of lipids and carbohydrates (Bird 

& Rogers, 1967; Ibrahim & Hollis, 1967; Bird, 1971; Baldwin & Hirschmann, 1975; 

Dropkin, 1980; Spiegel & McClure, 1995; Page, 2001; Lee, 2002). The amino acid 

composition also varies with life stage. M. incognita cuticle contains more glycine 

residues than the adult female (Reddigari et al., 1986). 
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 The cuticle is a multilayered structure (about six layers) organized in three zones: an 

outer layer (cortical), a middle layer (matrix), and an inner layer (basal). This three zone-

pattern occurs in most juvenile stages but, in the adult, modifications of this pattern may 

occur (Baldwin & Hirschmann, 1975; Lee & Atkinson, 1977). The cuticle is covered by a 

thin epicuticle, which in turn may be covered by a surface coat in many if not all 

nematodes (Ibrahim & Hollis, 1967; Dropkin, 1980; Bird, 1971; Reddigari et al., 1986; 

Lee, 2002). 

 The cortical layer is divided into external and internal layers. The external cortical 

layer is a triple-layered membrane, which varies from 25 to 40 µm in thickness. The 

internal cortical layer has a fibrous structure and there is not a clear division between it 

and the middle layer (Bird, 1971; Lee, 2002).  The middle layer is also called the matrix 

or homogeneous layer. It is relatively structure-less and composed of numerous fine 

fibers. The basal layer also varies in thickness. It is about 0.5 µm thick in M. incognita.

It is striated transversally and longitudinally, and it appears crosshatched in tangential 

section. The striated structure is thought to contribute to the chemical resistance of this 

zone, and is characteristic of nematodes stages that are exposed to fluctuating 

environments. Once the J2 of M. incognita penetrates the root and becomes parasitic, the 

internal structure of the cuticle changes. The main changes occur on the basal zone where 

the striations disappear and the cuticle starts looking like an adult female cuticle. A thin 

electron-lucent zone separates the striated basal layer from the underlying hypodermis 

(Baldwin & Hirschmann, 1975; Lee & Atkinson, 1977; Rediggari, 1986).         
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 The hypodermis is a cytoplasmic layer beneath the cuticle (Bird, 1971; Zuckerman et 

al., 1971). Often referred to as the epidermis. According to Lee (2002), it is probably 

more appropriate to use the term epidermis for comparisons with other groups of animals 

that possess a cuticle.  The hypodermis secretes the cuticle and is a main storage site for 

food reserves in the form of lipids and glycogen. The nuclei of the hypodermis are large, 

and cell inclusions are present which indicates high metabolic activity. Nerves and 

excretory canals run longitudinally in the hypodermis (Lee & Atkinson, 1977; Dropkin, 

1980). In animal-parasitic nematodes, antidefense proteins are produced in the 

hypodermis and cover the nematode surface, including antioxidant proteins such as 

superoxide dismutase, thioredoxin peroxidase, and a lipoxigenase-inhibiting protein, 

which may block jasmonic acid-dependent defense responses (Godelieve, & Fenoll, 

2002). Changes in the hypodermal morphology have been observed in M. javanica (Bird, 

1965) in the onset of molting. The hypodermis becomes more granulated and increases in 

thickness, the granulation resembling ribosomes, which probably are related to the 

formation of a new cuticle. 

 Nematode muscles are longitudinally oriented. In contrast to other invertebrates, 

innervation occurs by extensions from the muscle to the neural tissue, making synaptic 

contact at the surface of the longitudinal nerves or the nerve ring. In some nematodes, the 

muscles in each section are interconnected by cytoplasmic bridges. Somatic muscles in 

plant parasitic tylenchida are composed of platymyrian cells. The muscles of the body are 

attached to the hypodermis by desmosomes. Some specialized muscles are associated 
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with the alimentary system and the reproductive system (Baldwin & Hirschmann, 1975; 

Lee & Atkinson, 1977). 
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Figure 1. Nematode body wall structure. Schematic drawing of body wall of Xiphinema index. Key: 1-8 
layers of the cuticle; 9, hypodermis; 10, basement membrane; 11, muscle. A, invaginations of cell 
membrane in the lateral cord; b, endoplasmic reticulum; c, cross section through nerve (From Dropkin, 
1980). 
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The surface coat (SC) has been observed on the cuticle of free-living nematodes, as 

well as plant and animal-parasitic nematodes. It is also known as the “glycocalyx” a term 

used by early researchers to emphasize its carbohydrate-rich peripheral nature, similar to 

that on the surface of most eukaryotic cells. The SC is likely to be present in most 

nematode species, at least at some stages in their life cycle. It has been observed to be 

released from the nematode’s surface when the M. incognita J2 were incubated in water 

(Hu & McClure, 2000; Lin & McClure, 1996; Lee, 2002).  This secreted layer is a 

common feature in a broad range of nematodes, including the plant parasitic Anguina 

spp., the animal parasites Trichinella spiralis, Toxocara canis and the free living 

nematode Caenorhabditis elegans (Gravato-Nobre et al., 1999).  Cationized ferritin has 

been used to demonstrate, by transmission electron microscopy, that the SC of many 

nematodes contains exposed negatively charged molecules (Zuckerman, 1983).  

Although not much is known about the chemistry of the SC of plant parasitic nematodes, 

several studies have shown that SC does not behave like cell membranes. The entire SC 

or parts of it, contains carbohydrate residues that bind to a number of carbohydrate-

specific lectins, and the distribution of these binding sites varies according to the 

nematode’s parasitic habits and age (Spiegel & McClure, 1995, Davies et al., 1998). 

Ibrahim (1991) using FITC-labelled lectins, observed a predominant presence of 

mannose/glucose sugars on the surface of all stages of M. javanica..

The surface coat of preparasitic J2 of Meloidogyne incognita is about 5-30 nm thick 

and is characterized by the presence of carbohydrate binding domains and fucosyl-

bearing glycoproteins. The SC has a net negative charge.  Cetyltrimethylammonium and 
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other cationic detergents can strip it from the cuticle. The surface coat of M. incognita J2 

covers the mid body region in a continuous form. It binds cationized ferritin and colloidal 

iron, which provides evidence of its negative surface charge (labeling with cationized 

ferritin enable the visualization of the SC). It also stains with ruthenium red which 

indicates the presence of mucopolysaccharide. The surfaces of M. javanica and 

Caenorhabditis briggsae are similar in that each bears a net negative surface charge 

suggesting that in free living nematodes and plant parasitic nematodes, SC is similar in its 

composition (Himmelhoch et al., 1979; Gravato-Nobre et al., 1999). Davies & Danks 

(1992) studied the interspecific differences in the nematode surface coat between M. 

incognita and M. arenaria in relation to the adhesion of the bacterium Pasteuria 

penetrans. They found that the SC of M. arenaria differs substantially from the SC of M. 

incognita. A large number of proteins were shared between species, but the 

electrophoretic profile of M. arenaria proteins was much weaker than the profiles of M. 

javanica and M. incognita.

The nature of the nematode surface coat and its interaction with the host is an essential 

element of the host-parasite relationship. Modulation of SC may help oppose host 

defense responses, or surface-coat residues attached to animal host cells may help 

nematodes to avoid detection. The SC may also have a passive role, such as that of a 

lubricant to assist in the passage of the nematode through its environment (Ibrahim, 1991; 

Gravato-Nobre et al., 1999).  

 In addition, nematode surface coat molecules are likely to be involved in other 

processes such as adhesion of nematode-parasitic microorganisms like nematophagus 
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fungi. The attachment of fungi or bacteria to the nematode’s surface seems to be species-

stage-specific or, in some cases, body region-specific. These observations suggest that the 

interaction between nematodes and their pathogens could be mediated by a lectin-

carbohydrate interaction. Surface coat residues of M. hapla, M. incognita, and M. 

javanica have been associated with the attachment of the conidia of the fungus 

Dilophospora alopecuri and the coryneform bacterium Clavibacter sp. to the surface of 

the nematode (Lee, 2002). 

 Development of hybridoma technology where by antibodies secreting lymphocytes are 

fused with immortal myoloma cells (to yield hybridom cells producing monoclonal 

antibodies of selected specificity), has stimulated the use of immunoassays for the 

diagnosis of animal and human diseases. Monoclonal antibodies have been produced 

against plant-parasitic nematodes and some have been used for nematode diagnostics 

(Davies & Lander, 1992). 

 Hu et al., (2000) used immunolocalization techniques with a monoclonal antibody 

(MISC) raised against the SC of Meloidogyne infective J2, and showed that they bound 

specifically to the SC and the contents of the rectal dilatation of M. incognita J2. They 

showed that the anus of M. incognita J2 is, in fact, an orifice through which surface coat 

proteins are secreted, and that these secretions presumably are produced by the rectal 

glands, which are enlarged in the adult stage and from which gelatinous egg matrix is 

also secreted. However, for other members of the Heteroderidae, such as Heterodera, 

Meloidodera and Globodera, where rectal glands are not evident, a different origin or 

source for the SC must be postulated.  
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 Shedding and regeneration of the surface coat has been observed during the migration 

of M. incognita J2 through Arabidopsis thaliana root tissues. A trail of SC was detected 

from the point of invasion to the feeding site. This material bound to the cell wall of the 

host and may be transported through the phloem sap (Gravato-Nobre, et al., 1999). 

Life cycle of Root-knot Nematodes 

 Root knot nematodes are sedentary endoparasites that have a very sophisticated 

relationship with their host plant. Eggs are enclosed in a gelatinous matrix that is 

typically deposited on the exterior of a galled root, though on certain hosts, egg masses 

may also occur within galls. The first molt occurs inside the egg, and nematodes hatch as 

J2.  Hatching of eggs is usually spontaneous and occurs without any stimulus from the 

plant root (Bird & Wilson, 1994; Hussey, 1985; Hussey et al., 1994). J2 of Meloidogyne 

spp. are able to migrate freely in the soil.  The J2 is the infective stage that is capable of 

penetrating new healthy roots or nearby galled roots. Several studies have shown that J2 

do not find the roots by random movement, but are attracted to plants in response to 

stimuli emanating from roots. The attraction of nematodes to the plants is a response to a 

combination of factors, which vary according to the species. These factors may include 

CO2, lowered redox potentials and substances such as glutamic acid and derivatives (and 

other substances associated with root metabolism) (Bird, 1959, 1961). Meloidogyne J2 

have well-developed chemoreceptors (six labial sensillae and two lateral amphids) that 

are used to locate the roots. Once a J2 contacts the plant roots, it often penetrates 

immediately using its stomatostylet to rupture the epidermal cells, thereby gaining 

entrance to the root. Entry can be through a single aperture made by the first J2, and 
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through which others may penetrate, or each J2 may open its own entry. J2 generally 

penetrate the root behind the root cap, in the zone of elongation, and at the site of lateral 

root emergence. After penetration, they migrate through the cortex to the root apex 

whereupon the direction of migration is reversed. The J2 then moves upward within the 

cortex, to the vascular cylinder (Christie, 1936; Bird, 1961; Bird, 1996; Gravato-Nobre, 

1996; Krusberg, 1963; Potenza et al., 1996). These migrations are largely intercellular 

and cause separation of the cortical cells along the middle lamella, but rarely causing 

cells to rupture. When compared with the damage caused by the passage of other plant-

parasitic nematodes, the mechanical disruption, caused by Meloidogyne spp. is very slight 

(Endo & Wergin, 1973; Endo, 1987; Bird & Wilson, 1994; Hussey, 1985; Hussey et al., 

1994; Gheysen & Fenoll et al., 2002). This invasion feature confers the advantage of 

attenuating the production of signals that are likely to be detected by the host-plant 

defense recognition mechanism (Robertson, 1996). Christie (1936) observed intercellular 

migration and root destruction during J2 migration into tomato root terminals. Dalal & 

Thakur (1971) observed rupture and degeneration of epidermal cells and outer cortical 

cells in tomato and brinjal infected with M. javanica. Gravato-Nobre et al. (1995) 

confirmed that in Arabidopsis thaliana, migration of M. incognita J2 is intercellular and 

that the juveniles disrupt the middle lamella as they pass between cells.  

 Not much information is available about the enzymatic activity of secretions 

produced by the J2 during migration in planta. Cellulase has been detected in M. 

javanica, but no correlation has been established between nematode secretions and 

hydrolytic enzymes capable of degrading cellulose or pectin in the host plant (Gravato-
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Nobre et al., 1995). Besides cellulases plant-parasitic nematodes also secrete chitinases 

and extensins during infection (Bird, 2004).  

Once a J2 reaches the vascular tissues and identifies a suitable region, permanent 

feeding sites called “giant-cells” are initiated by injection of stylet secretions into the 

developing vascular tissue, generally primary phloem cells or neighboring parenchyma 

cells.  Giant-cells are defined as multinucleate transfer cells, generally induced by root-

knot nematodes and those nematode genera in which the multinuclear condition of each 

giant cell results from multiple mitoses in the absence of cytokinesis, a process termed 

endomitosis (Endo, 1987).  Completion of the life cycle of root-knot nematodes depends 

entirely on the successful induction and maintenance of these specialized feeding sites. 

When the life cycle is completed, the female nematode dies and the giant-cells degenerate 

(Dropkin, 1969; Potenza et al., 1996).  The exact mechanism of giant-cell formation is 

unknown but there is evidence that secretions from the nematode esophageal glands play 

a very important role (Potenza, et al., 1996; Gheysen & Fenoll, 2002).   

M. incognita also injects secretions that form a unique; straight to slightly curved 

tube-like structures called ‘feeding tubes’ which act as  filters that enable the nematode to 

remove cytosol without damaging the cytoplasm (Robertson, 1996). These structures 

were first observed by Nemec in 1911.  Meloidogyne nematodes feed from giant cells in 

cycles. Each time the nematode removes its stylet and inserts it into a giant-cell, another 

new feeding tube is formed. As a result, several feeding tubes may be present in each 

giant-cell (Hussey et al., 1994).  
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 In the absence of stylet penetration of the giant cell walls the nematode may receive 

its nutrition from the host through ingestion of plant substances that were deposited in the 

intercellular spaces between stimulated cells (Endo, 1975).  Nematode secretions are 

thought to contain proteolitic enzymes, which trigger a chain of host responses enableling 

the nematode to feed, develop and reproduce (Madamba et al., 1965).   

As the juvenile develops, three more molts occur, and the mature female, embedded 

within the root tissue, becomes enlarged and pear-shaped.  During the molting period, 

juveniles (J3 and J4) lack a stylet and do not feed. The stylet regenerates during the final 

molt the adult female resumes feeding. In most Meloidogyne spp., the males are 

uncommon or are not known. If they are present, the male juvenile also swells slightly 

during metamorphosis, but emerges from the last molt as a large, and elongated nematode 

that leaves the root and does not feed. Females may or may not require fertilization by the 

male before eggs are produced. Most commonly, reproduction is parthenogenetic.  Egg-

laying starts about a week after the final molt. A single female can lay 500-1000 eggs 

into the gelatinous matrix secreted by the rectal glands (Anonymous, 1978; De Guiran & 

Ritter, 1979; Gravato-Nobre, 1996) (Figure 2). 

Simultaneous with the formation of the giant-cells, root tissues surrounding the 

nematode in many hosts undergo hyperplasia and hypertrophy, giving rise to the root 

galls typically associated with Meloidogyne species (Hussey, 1985). The number of galls 

present in the roots varies according to the plant host and nematode species (Bird, 1974). 

Balasubramanian and Rangaswami (1964) observed variation in size, shape and number 

of galls produced by M. javanica in 30 different plant species. These authors found 
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evidence that soft-textured roots (such as Ocimum sanctum) contained more nematodes 

than those plants with hard textured ones (Abelmoschus esculentus). They also found that 

in Acalypha indica and Abelmoschus esculentum, most of the galls were formed on the 

tap root while in Eclipta alba galls, were mostly formed in secondary roots. The galling 

process starts relatively soon, usually a few hours after infection. Galling is not essential 

for the nematode growth and development, and it can occur in plants where the nematode 

does not become established or reproduce (Bird, 1974).  
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Figure 2.  Life cycle of the Root knot nematode Meloidogyne incognita (from Anonymous, 1978). 
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Host-plant histological reactions  

The cellular changes induced by sessile, endoparasite nematodes in host plants are 

thought to resemble certain aspects of plant morphogenesis. The histological reaction of 

the host, when infected by root-knot nematodes, is very rapid. The first noticeable change 

is hypertrophy of the cortical cells, which can be very pronounced at 24 hours after 

juvenile penetration, especially when several J2 penetrate simultaneously.  Meloidogyne 

species typically induce extensive pericyclic hyperplasia and cortical hypertrophy, which 

results in galls. The pericycle and endodermal cells near the path of J2 migration also can 

exhibit hypertrophy. Root growth usually continues normally, but sometimes it can be 

retarded or stopped completely (Christie, 1936; Dropkin, 1969).  

Huang and Maggenti, (1969) described the developing giant-cell and associated wall 

modifications in Vicia faba and Cucumis sativus infected with M. javanica. At 48 hours 

after nematode penetration, walls of giant-cells were not distinguishable from those of 

normal parenchyma cells.  At 7 days after penetration, the primary walls started to show 

roughening of the inner wall surface and, in some areas, invaginations of the 

plasmalemma towards the protoplast. Rod-shaped structures later appeared in the 

invaginations of the plasmalemma. They were described by the authors as boundary 

formations because they were formed in the boundary between cell walls and the 

protoplast, including tubules, vesicles and the infolding plasmalemma (Esau, et al., 

1966).  Boundary formations were observed before any observable secondary wall 

deposit in the giant-cell. Secondary cell walls were later deposited on primary walls 

directly below boundary formations.  These rod-like structures increased in number and 
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could bear tubules or vesicles on their surfaces. The authors postulated that, along with 

other organelles the boundary formations are related in various ways to the mechanisms 

of cell wall synthesis.  

Jones and Dropkin (1975) studied cellular changes in soybeans induced by three 

different nematodes, M. incognita, Heterodera glycines, and Rotylenchulus reniformis.

They reported that these changes were clearly different in each case. Wall gaps were 

present in syncytia induced by H. glycines and R. reniformis but not in giant cells 

induced by M. incognita. Wall ingrowths were also observed in giant-cells induced by 

Meloidogyne spp. and in syncytia induced by H. glycines. Wall ingrowths are secondary 

wall deposits and are composed of an irregular, loose, microfibrillar mesh and a matrix 

rich in pectic substances and hemicellulose. Jones and Dropkin (1975) suggested that 

wall ingrowths form as a result of the flow of solutes across the plasmalemma, and their 

function is to increase the surface area of the plasmalemma for solute uptake. Each of 

these three nematodes induced cellular changes including: nuclear enlargement, loss of 

central cell vacuole, increased cytoplasmic density and an even thickening of walls. M. 

incognita caused a cell wall thickening on differentiating xylem or xylem parenchyma. H. 

glycines of cortical, endodermal, pericyclic, vascular parenchyma and differentiating 

vascular elements while R. reniformis on pericycle or endodermal cells.   

Lateral roots are commonly found at the point of infection.  Pericycle cells can 

undergo mitotic division and 1-4 lateral roots can develop in the region of the gall 24 

hours after infection.  Suppression of cell division in the apical meristem also can occur. 

These cellular responses apparently are not induced by mechanical injury resulting from 
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stylet insertion, or by the removal of substances (feeding) by the nematode, or by reaction 

to the nematode’s excretory products.  It appears more likely that these morphological 

changes are due to the stimulating action of secretions expelled through the stylet of the 

nematode (Christie, 1936). 

All members of Heteroderidae are believed to stimulate cells to increase the 

synthesis of products on which the nematodes feed. There is evidence for an increase of 

protein content and DNA synthesis in the giant-cells induced by Meloidogyne spp.

Moreover, an increase of dehydrogenase and diaphorase activity has been detected 

around the head of M. incognita infecting soybean. Auxin activity and auxin inhibitors in 

extracts of Meloidogyne also have been reported  (Dropkin et al., 1969). Kaplan et al., 

(1979) observed cellular browning in the soybean cultivar, ‘Centennial’, which is 

resistant to M. incognita. When giant cells were present they were small and deteriorated 

before the nematodes could mature. The cell cytoplasm was also highly vacuolated, and 

nuclei were smaller than those in roots of susceptible soybeans. Fewer females developed 

and fewer eggs were observed on resistant plants.  These authors concluded that this 

array of responses of an incompatible host to M.  incognita might result from the action 

of phytoalexins that prevent J2 from migrating away from necrotic cells within the root 

and that the responses may reflect resistance of a multimechanistic nature. 

Giant cells 

 These structures were first described by Treub in 1886 (Bird, 1961).  Bird (1961) 

observed giant-cell formation by the 4th day on susceptible tomato plants at 24 °C and by 

the 9th and 13th day the giant-cells had reached their average maximum size.  The first 
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sign of giant-cell induction is the formation of several binucleate cells (Christie, 1936; 

Hussey, 1985; Bird & Wilson, 1994; Hussey et al., 1994; Gheysen & Fenoll et al., 2002). 

The affected cells are primary phloem cells or neighboring parenchyma cells lying in the 

area beside the nematode’s head at a very short distance from the apical meristem. 

Although most of J2 have their head deep in the central cylinder, so only cells from the 

vascular tissue are transformed into giant-cells, occasionally J2 are found with their head 

in the cortex or between the pericycle and endodermis. When giant cells are formed 

outside of the vascular cylinder from small parenchymatous cells, nuclei are very 

numerous because there are a greater number of cells contributing to its formation 

(Christie, 1936). According to Balasubramanian & Rangaswami (1964), giant-cells have 

been observed in the cortex and also in the pericycle of hosts including Nicotiana 

tabacum, Abelmoschus esculentus, Solanum melongena. 

Undifferentiated phloem or neighboring parenchyma cells parasitized by 

Meloidogyne J2 undergo repeated karyokinesis uncoupled from cytokinesis (Hussey, et al 

1994).  First differentiation of these cells is retarded. Then, some of these undifferentiated 

cells begin to enlarge and nuclear division occurs. The first division is usually parallel to 

the main axis and a slight cell wall can be formed sometimes, but it will disappear soon 

(Christie, 1936). Giant-cells contain more protein, amino acids and nucleic acids than 

normal cells. The granular appearance of the cytoplasm in giant-cells is associated with 

protein and the rate of protein synthesis in these cells is correlated with the demands of 

the nematode.  Giant cells also contain carbohydrates and fat. Electron micrographs show 

that there also are many mitochondria, proplastids, dyctiosomes and a dense endoplasmic 
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reticulum in the giant-cell cytoplasm (Bird, 1961). Nuclei from giant cells can be 

differentiated from nuclei found in normal cells of the region. They generally are large, 

irregular in shape, and frequently have very distinctive, deep-staining nucleoli. Two or 

more nucleoli are present and sometimes some other smaller, deep-staining bodies as 

well.  The number of nuclei in the giant cells is variable and difficult to quantify; 

nevertheless, in giant cells induced by M. incognita, 25-54 of these were observed in 

clover, 17-66 in peas, 25-80 in lupine and 21-71 in horsebean  (Christie, 1936; Yousif, 

1979). Even giant-cells of the same age vary considerably in appearance, depending on 

the character of the cell from which they were derived. Usually 3-6 giant cells are formed 

in a cluster (Christie, 1936). Jones and Payne (1978) described the developmental 

sequence of giant-cell induction on Impatients balsamina infected with M. incognita and 

M. javanica. After 24 hours there was evidence of some mitotic events in cells 

immediately next to the nematode or one or two layers away. Cell size was not different 

from adjacent cells at this point. Forty-eight hours after infection some multinucleated 

cells were observed undergoing mitosis near the nematodes.  Cells were similar in 

diameter or slightly wider than neighboring cells with a large central vacuole and the 

nucleus was restricted to the parietal layer of the cytoplasm. Seventy-two hours after 

infection, giant-cells varied in size, probably due to infection occurring over several 

hours.  There were about 2-8 nuclei per giant cell.  Numerous mitochondria, rough 

endoplasmic reticulum and Golgi bodies were observed. Giant-cell walls were very thin 

near the plasmodesmata, and the cell vacuoles occupied less volume compared to the 

cytoplasm. No gaps were observed in the giant-cell walls but, in certain sections, a wall 
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stub was observed next to an air space or separation or between two giant cells, a 

condition perhaps related to the collapse of the space between two giant-cells and the 

compression and folding back of the giant-cells onto themselves.  The development of 

giant-cells by M. incognita was slightly faster than the development of giant-cells by M. 

javanica probably due to cultural conditions. Six days after inoculation there was an 

extensive division of cells surrounding the giant-cells and wall ingrowths were observed 

next to vascular elements. An abnormal differentiation of vascular elements around giant-

cells was evident.  

A mature giant-cell cell wall is 5-10 times thicker than the cell walls of surrounding 

cells. It also has an irregular surface with projections into the cytoplasm. Its chemical 

composition does not vary from the components (pectic substances, hemicellulose, 

insoluble non-cellolosic polysaccharides, and cellulose) found in normal cells wall (Bird, 

1961). Changes in cell wall thickness was observed on susceptible soybean 72 hours after 

inoculation with M. incognita on cells surrounding the nematodes head (Dropkin & 

Nelson, 1960). Other authors (Krusberg, 1963; Owens & Novotny, 1964; Huang & 

Maggenti, 1969) have studied the development and features of giant-cells in a variety of 

hosts and report similar findings. Dropkin & Nelson (1960) classified mature GC in 4 

types according its morphology. Type 1, cells around the juvenile show a HR reaction 

and the J2 dies immediately. In type 2, cells around the nematode head undergo a 

moderate cell fusion and cytoplamic inclusions are present. Type 3 cells are very large, 

with many nuclei and has a diffuse and very highly vacuolated cytoplasm. These first 3 

types are associated with a poor nematode development and the production of very few 
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eggs. Type 4 giant cells are large, thick-walled, and multinucleated. They have a dense 

cytoplasm with few inclusions and are associated with rapid nematode growth and an 

abundant egg production. Mature giant cells may be up to 600 µm long by 200 µm in 

diameter (Jones, 1981). 

Ultrastructural changes induced by M. incognita on resistant and susceptible 

cultivars. 

Plant-pathogen interactions begin at the cellular level and it has long been known 

that these are very complex events that are crucial for susceptible and resistant host 

responses. There have been several attempts to detect these interactions at the single 

cellular level. Transmission electron microscopy has become the method of choice to 

examine these interactions between plants and their pathogens at the ultrastructural level 

(Heath, 2000).  

Paulson and Webster (1970) studied the giant-cell formation in tomato infected with 

M. incognita and M. hapla. They recorded changes in the fine structure, which occur 

during the early stages of giant-cell initiation and the fate of giant-cells after the death of 

the nematode. They concluded that giant cells, during the first 3-5 days of development, 

resemble neighboring cells. There were differences in gross features, such as cell size, 

cell wall thickness, number of vacuoles, and the number of nuclei per cell. By the 10th 

day after penetration the ultrastructure of giant-cells was significantly different and 

resembled metabolically active cells. Nuclei and cell walls were extensively lobed. The 

cells contained more nuclei, mitochondria, plastids and dictyosomes than normal cells. 

There was also a proliferation of cytoplasm and rough endoplasmic reticulum. The 
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abundance of coated vesicles in later stages of giant-cells is thought to function in the 

transport of enzymes from dictyosomes to sites of action.  A continuous stimulus from 

the nematode is necessary to maintain the form and function of giant-cells. Their 

breakdown begins soon after the female has produced eggs.  

Forrest et al. (1989) observed cuticle surface Globodera rostochiensis on J2. 

According to Forrest, fibrils were also were found loose or forming a deposit composed 

of plant and nematode material next to the cell wall. This author hypothesized that the 

fibrillar material may have been extruded through striae. Its function was not clarified 

then, but this author suggested it is possibly involved in the anchorage of the nematodes 

during feeding. 

Chang et al. (1973) studied the ultrastructure of the infection process of alfalfa 

cultivars (Ranger [susceptible] and Lahontan [tolerant]) to the stem nematode D.  dipsaci.

Electron micrographs of infected tissues showed that both cultivars undergo similar sorts 

of damage. However the infection rate and severity of damage were different between the 

two cultivars. Moreover, 24 hours after inoculation, more lipid bodies were present in the 

susceptible cultivar than in the tolerant one. The author concluded this might indicate that 

permeability of the membrane is altered, perhaps due to enzymatic reactions. 

Furthermore, chloroplasts in infected cells of the susceptible cultivar were swollen and 

the outer chloroplast membrane was ruptured 72 hours after initial inoculation. Other 

observed changes included swelling of tylacoid units, swollen nuclei and rupture of the 

nuclear membrane.  When compared to controls, the cytoplasm of susceptible plants was 

denser with more ribosomes and numerous cisternae of smooth and rough endoplasmic 
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reticulum. Additionally, one side of the cell wall became more electron-dense, whereas 

the tolerant alfalfa cultivar contained normal chloroplasts, cytoplasm, and nuclei, in the 

infected cells three days after of inoculation.  

Rebois, et al. (1975) examined ultrastructural and physiological changes on soybean 

cultivars, resistant (Peking) and susceptible (Lee) to Rotylenchulus reniformis. Two 

phases were observed on susceptible tissues during the infection period. The initial phase 

was characterized by partial cell wall lysis and separation. The second phase (an anabolic 

phase) was characterized by organelle proliferation and development, accompanied by 

secondary wall deposits, which are thought to provide nutrition for sessile female 

development. Small protuberances were also seen on cell walls and wall fragments in the 

feeding sites. Similar structures were reported on maize cells responding to water stress 

conditions (Ciamporová & Mistrik, 1993). These authors described these structures as 

cell membrane modifications for endocytosis of polysaccharide material. 

 Rebois et al. (1975), also found that the resistant soybean cultivar initially showed 

very similar symptoms to those shown by susceptible plants. However, a very evident HR 

reaction was observed 96 hours after inoculation.  Moreover, lack of an anabolic phase 

and an accelerated type of lysis during the first phase of feeding site development was 

observed.  The authors proposed that the initial cell of the developing feeding site may 

play an important role in the understanding of some types of resistant and susceptible 

host reactions (Rebois et al., 1975). 
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Nematodes resistance 

Resistance to Meloidogyne species 

Crop rotation, application of nematicides and plant resistance are among the 

numerous strategies employed for nematode management. Due to mounting 

environmental concerns and cost limitations of chemical controls, host plant resistance is 

gaining renewed attention (Herman et al., 1991; Boerma & Hussey, 1992; Roberts, 

1982). Resistance is the most cost-efficient, environmentally harmless way to minimize 

crop losses due to plant nematodes, increase growers’ profits, and lower costs for food 

and fiber for consumers (Chang et al., 1973; Boerma & Hussey, 1992; Roberts, 1992; 

Bird, 1996). Furthermore, and particularly in developing countries, where chemical 

control is difficult to implement, resistance is seen as a better management strategy 

(Roberts, 1982). Resistance is described as the capacity of a host-plant to suppress 

nematode development and reproduction in contrast to susceptible host-plants that allow 

nematode reproduction (Boerma & Hussey, 1992; Davis, & Mai, 2003; Potenza et al., 

1996).      

Plants frequently recognize and react against parasites by switching on defense 

responses. If it is a quick and strong response due to the presence of resistance genes, the 

result will be a resistant or incompatible reaction. If the plant response is too weak or too 

late, the infection will be successful (compatible response). Changes in gene expression 

associated with wounds or defense responses have been observed in a number of plant-

nematode interactions as soon as 12 hours after inoculation (Gheysen & Fenoll, 2002). 
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In susceptible hosts, Meloidogyne spp. J2 enter the root, migrate intercellulary to the 

differentiating vascular tissue, become sedentary and establish a feeding site. In resistant 

plants, however, this pattern is disrupted (Dropkin et al., 1969). Giebel (1973) discussed 

the biochemical mechanisms of plant resistance to nematodes. In his review, he 

distinguished four types of resistance to plant nematodes similar to those described by 

Rohde (1965): 1) the plant can produce lethal toxins that kill the nematode i.e. 

(Asparagus officinalis toxic to Trichodorus christei), 2) the plant does not contain, or 

there are not enough nutrients and/or substances necessary for the development and 

reproduction of the nematode, 3) resistant plants lack features to attract plant-parasitic 

nematodes, 4) the host-nematode interaction triggers histological changes such as the HR 

that kills essential cells.  

Giebel (1982) also categorized resistance into two types: 1) passive (preinfectional) 

and 2) active (postinfectional). Passive or preinfectional resistance depends on 

anatomical, physiological, and chemical barriers, which may deter the penetration of the 

nematode or have an effect on its ontogenesis. Preinfectional resistance precludes 

infection and may be the most common type of resistance.  

In post infection resistance, the plant is infected but the disease does not progress. 

This type of resistance may involve morphological or biochemical factors or it may 

depend on the plant’s response to the infection (Veech, 1982). The most common 

postinfectional resistance to Meloidogyne spp. involves the HR, in which necrosis occurs 

in giant-cells or plant cells adjacent to these feeding sites. HR cells die quickly and wall-

off the pathogen so that injury is limited to a few cells. HR can be delayed until the 
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parasitic relationship becomes well established.  It has been associated with resistance to 

M.  incognita in snap bean, soybean, tobacco and tomato cultivars  (Reynolds et al., 1969; 

Sosa-Moss et al., 1983). An HR also has been observed after nematode penetration of 

host plants by many other nematodes species. However, a HR reaction of the host is not a 

general attribute of vertical resistance when host-pathogen specificity is absent. Post-

infectional resistance in soybean cultivar resistant to M. incognita include glyceollin 

accumulation as well as HR response (Herman et al., 1991). 

Fassuliotis, (1970) studied resistance of three Cucumis species to M. incognita and 

concluded that the resistance mechanism apparently is associated with an impediment of 

juvenile development beyond the second stage, a delayed development of J2 to adults, or 

an increased tendency toward maleness. No necrosis or HR was observed following 

juvenile invasion. Dropkin, (1969) suggested that the hypersensitive response was not 

entirely necessary for the expression of genetic plant resistance even though it is the most 

common type of resistance against Heterodera and Meloidogyne.

Penetration, migration and development of M. incognita in resistant (African, 

Moapa, Sonora) and susceptible (Lahontan) alfalfa cultivars did not induce HR in 

resistant cultivars (Reynolds et al., 1970), observations subsequently substantiated by 

Potenza et al. (1996). 

The resistance mechanism in winter-dormant and non-dormant alfalfa is apparently 

similar for both M. incognita and M. hapla.  Griffin & Elgin (1977) studied the 

penetration and development of M. hapla in resistant and susceptible alfalfa cultivars 

under different temperatures. Initial penetration of J2 in resistant cultivars was similar to 
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that of susceptible cultivars. These authors also observed that six days after inoculation 

(at temperatures above 20ºC), J2 failed to establish and develop in roots in the resistant 

cultivar and that J2 numbers also decreased. No decrease in J2 numbers was observed in 

susceptible cultivars, and nematode development occurred rapidly and normally. Sosa-

Moss et al. (1983) described penetration of Meloidogyne into resistant and susceptible 

tobacco cultivars. In this study, a lower rate of J2 penetration was found in the resistant 

cultivar than in the susceptible cultivar, and disappearance of J2 in the resistant cultivar 

over time was observed. 

 Madamba et al. (1965) reported galling in unsuitable plants without subsequent 

development of the juveniles. These observations also been reported for tobacco and 

citrus. Citrus species are generally considered to be resistant to Meloidogyne, but gall 

formation has been reported following infection with M. javanica, M. incognita, and M. 

hapla. Only J2 were found in these galls and most of the nematodes were vacuolated, 

granular, and dead. According to these authors, the absence of giant cell formation and 

the lack of formation of galls in infected roots is an indication of resistance.  

 Vertical and horizontal resistance are terms used to describe plant resistance to fungi 

and bacteria.  Examples of each can be found among nematodes. But most nematode-

resistant crop cultivars seem to have vertical resistance that is expressed as an HR 

controlled by one or two genes. Plant with this type of resistance do not form galls and 

are readily separated from susceptible lines. Horizontal resistance is polygenic and is 

generally effective against races of the pathogen. Plants are partially resistant, but 

resistance is stable and breakdown is not common. Poor hosts of Meloidogyne are 
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probably of this type. Horizontal resistance is also more difficult to recognize, to assess, 

and to manage in a breeding program (Rohde, 1972). 

The use of resistant cultivars as an alternative for nematode control or 

management. 

Resistant cultivars have been used to manage plant-parasitic nematodes in several 

crops. The current lack of effective, and inexpensive nematicides, and the potential 

hazards of pesticides in the environment, make resistant cultivars an attractive strategy 

for nematode control (Herman et al., 1991). Resistant cultivars can increase planting 

frequency of susceptible cultivars in an infested field, and may also help reduce 

dependence on chemical nematicide applications (Kaplan, 1982; Roberts, 1982). 

Usually a resistant cultivar that grows without a nematicide treatment can yield as 

much as a high-yielding, susceptible cultivar treated with nematicide. However, when a 

resistant cultivar has a good yield rate, growers are tempted to grow it continuously as a 

monoculture. This practice places a selective pressure on the target nematode and perhaps 

on other non-target nematodes, thereby causing a shift in nematode races or species. To 

avoid this situation and to preserve the effectiveness of resistant genes against the target 

nematode, rotation of resistant cultivars with non-host crops and susceptible cultivars 

should be considered. Rotation of cultivars with different sources of resistance to 

nematodes is, in effect, an effort to rotate different genes for resistance (Young, 1992). 

Genes that give a more efficient field resistance against a broad number of nematodes or 

to nematodes with a wide range of hosts may be more appropriate than those conferring 

resistance to only one species or race. Resistance conferred by a single gene would be 
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easier to clone and transfer than a multigenetic resistance. An excellent example of this 

case would be Mi gene on tomato (Williamson et al., 1992). 

According to Boerma & Hussey (1992), resistance genes can be classified according 

to their effects on resistance expression (major vs minor genes), their mechanism or 

durability (horizontal, race non-specific, and durable versus vertical, race specific, and 

non-durable), and mode of inheritance (monogenic, oligogenic and polygenic). However, 

in order to apply the concept of “gene rotation”, the resistance mechanism must be 

clarified and understood.  The main limitation in the use of resistant cultivars are the 

scarcity of resistant cultivars to multiple nematode species, the appearance of new 

pathotypes capable of overcoming resistance previously employed and /or the lack of 

resistance sources in some crop species (Boerma & Hussey, 1992).  

Currently no natural resistance genes have been developed or even identified for 

some crops.  Many naturally resistant cultivars offer resistance only to specific nematode 

species as in the case of the Mi gene of tomato, that is effective against M. incognita, M. 

arenaria, and M. javanica, but not to M. hapla. Some resistant genes, including the Mi 

gene have failed when soil temperature exceeds 28 ºC. An efficient way to use natural 

resistance genes is to develop a resistant cultivar based on a deep understanding of the 

biology of the parasitic interaction and the nature of the host response (Bird, 1996). 

Inheritance of resistance to nematodes in plants does not seem to differ in any significant 

aspect from the inheritance of any type of resistance or from inheritance of other 

characters in plants.  According to Hare (1965), nematode resistance lacks one big 

disadvantage often present in resistance to many fungi, bacteria and viruses. Due to the 
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nematodes’ nature and habitat most of them have a restricted movement, consequently 

new physiological races that “break” resistance would probably spread slowly from one 

geographical area to another.  
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MATERIALS AND METHODS 
 

Nematode source  

Meloidogyne incognita race 3 was used throughout this study. The nematodes were 

reared on eggplants (Solanum melongena) in the greenhouse.  Eggs were extracted from 

infected roots with 1% sodium hypochlorite and centrifuged at 1800 rpm in 47% sucrose 

to remove plant and soil debris (McClure et al., 1973).  Purified eggs were hatched on 

nylon cloth (effective pore diameter 20 µm) that was suspended in contact with 

demineralized water.  J2 that hatched from the eggs migrated to the water and were 

concentrated and rinsed by sieving and centrifugation. 

Host plant status 

Host status (resistant or susceptible to M. incognita) was confirmed in a greenhouse 

trial. Twenty-four, 10-cm-diameter pots, each containing 250 ml of pasteurized soil were 

sown with either Moapa or Lahontan (12 pots each) alfalfa seeds.  When the seedlings, 

one per pot, were approximately 6 cm in height, they were inoculated with 10,000 J2 of 

M. incognita. Inoculated plants were harvested 70 days after inoculation and the 

nematode eggs were extracted with 1% sodium hypochlorite and counted. 

Objective 1. Comparison of penetration rate of M. incognita race 3 juveniles in 

resistant and susceptible alfalfa cultivars. 

Alfalfa seed germination      

Moapa and Lahontan alfalfa seeds were scarified by emersion in sulfuric acid for 15 

minutes followed by three rinses with dionized water (5 minutes each).  Scarified seeds 
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were germinated on previously sterilized paper rolls placed on end in 250 ml beakers 

containing 100 ml of water and incubated at 28 ºC for 48 hours (Figure 3).  

Seedlings inoculation 

Germinating seedlings were transferred to new paper rolls (previously sterilized) 

with the root tip placed approximately 2 mm between two strips of Miracloth (Cal 

Biochem, San Diego). The seedlings were inoculated with 20-25 J2 freshly hatched in 5 

µl water (Figure 4).  Inoculated seedlings were incubated at 28 ºC for 24 hours in the 

dark. The seedlings were then harvested and stained with acid fuchsin (McClure & 

Robertson, 1973; Bybd et al., 1983) and the number of J2 inside the roots was recorded 

under a dissecting microscope (43X magnification). A t- test was run to compare 

penetration rates in both cultivars. 

Objective 2. Comparison of the behavior and development of nematodes during the 

first 96 hours after inoculation. 

Four hundred alfalfa seedlings (2 days-old) of each cultivar were inoculated and 

incubated at 28 ºC for 24 hours as previously described. After incubation, the alfalfa 

seedlings were washed for 1 hour, to remove J2 adhering to the root surface, and placed 

in a hydroponic system consisting of a 2.8 L black plastic tank containing 2 L of ¼ 

strength Hoagland’s no. 2 basal salt mixture, (SIGMA, St Louis). The solution was 

aerated with an aquarium pump (Elite 802, Rolf O. Hagen Corp., Mansfield, MA) with an 

output of 1500cc/mn dispensed through a porous plastic diffuser. As many as 55 holes, 

each 5 mm in diameter, were punched in a 1-cm-thick styrofoam plate, and a truncated, 

disposable, micropipette was placed in each hole to serve as guide and maintain the 
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seedlings vertically. The styrofoam plate was positioned so that it floated on the surface 

of the Hoagland’s solution and a single seedling was inserted through each pipette tip and 

held in place with a small twist of non-absorbent cotton (Figure 5).  The entire assembly 

was then placed in a growth chamber (Conviron CMP3244) under 12 hours of light, at 28 

ºC, and 400 µmolm-2s-1 PPF (measured with a LI-COR Model LI-250 PAR light meter). 

One hundred seedlings of each cultivar were harvested, stained with acid fuchsin  at 24, 

48, 72, and 96 hours after inoculation. The number of J2 per root, their position in the 

root tissue, and their position in terms of distance from the root tip were observed by light 

microscopy and recorded. 

Objective 3. Comparison of nematode migration from resistant and susceptible 

alfalfa roots. 

Two different methods were used to assess J2 migration from alfalfa roots. The first 

method employed black-painted vials (2.5 x 9.0 cm). Each vial contained 42 ml of 

Hoagland’s No. 2 basal salt mixture, 1/4 strength. A plate of the same inside diameter as 

the vial was cut from 1-cm-thick styrofoam and floated on the solution. Each plate had a 

5 mm hole in the center made by piercing the styrofoam with a hot needle. Twenty plants 

of each alfalfa cultivar were inoculated with M. incognita (approx 50 J2/ 5  µl water) as 

described above. After inoculation seedlings were washed for one hour to remove any 

possible nematodes adhering to the root surface and transferred to the vials by inserting 

the root through the perforated styrofoam plate. The vials were aerated individually 

through thin silicone tubing connected to an aquarium pump via a manifold constructed 

from 1-cm-diameter flexible plastic tubing (Figure 6). The entire system was placed in a 
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growth chamber at 28 ºC, with 12 hours of light, at a PPF of 400 µmolm-2s-1. Every 48 

hours for 7 days the J2 migrating from the roots were collected by passing the nutrient 

solution from each vial twice through a 500-mesh sieve. The number of J2 collected on 

the sieve were rinse into a dish and counted. The seedlings were replaced in the vials that 

had been rinsed and re-filled with Hoagland’s solution.  

The second method employed polypropylene petri dishes (50 x 12.5 mm) sealed with 

silicone-rubber to form a closed chamber. Two holes of approximately 3 mm diameter 

were pierced through the chamber rim with a hot needle. Each sealed chamber contained 

13 ml of Hoagland’s No. 2 basal salt mixture, 1/4 strength. Twenty plants of each alfalfa 

cultivar were inoculated with M. incognita (approx 52 J2/ 5 µL water) as described 

above. After inoculation roots, were washed for one hour to remove any possible 

nematodes adhering to the root surface and then were transferred to the sealed chambers. 

The chambers were aerated through small Teflon tubes connected to an aquarium pump 

via a manifold constructed from 1-cm-diameter flexible plastic tubing (Figure 7). The 

entire system was placed in a growth chamber at 28 ºC, with 12 hours of light, at a PPF of 

400 µmolm-2s-1. The level of solution in the chambers was marked and the chambers 

refilled every 24 hours.   Observations of each sealed chamber were made every 48 hours 

for 7 days. The number of J2 that had migrated from the root to the hydroponic solution 

was recorded. After 9 days, 20 seedlings of each cultivar were harvested, stained with 

acid fuchsin (Bybd et al., 1983), and the number of J2 inside of the roots recorded.   
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Objective 4.  Ultrastructural comparison of susceptible and resistant alfalfa 

cultivars infected with M. incognita.

Alfalfa seedlings (2 days-old) were inoculated (as described in above) with 

approximately 20-25 M. incognita in 5 µl water and incubated for 24 hours at 28 ºC. 

After incubation, approximately 160 seedlings were placed in a hydroponic system in a 

growth chamber (see methods for Objective 2, above). Twenty infected seedlings of each 

cultivar were harvested at 24, 48, 72, and 96 hours after inoculation. The roots were 

excised and prepared for transmission electron microscopy.  

Fixation of tissue for electron microscopy 

 Infected root segments were fixed overnight in glutaraldehyde (3% in 0.05 M sodium 

cacodylate buffer, pH 7.2). Following glutaraldehyde fixation, they were washed twice 

(10 minutes each wash) with cacodylate buffer, and postfixed in aqueous osmium 

tetroxide, 2% for 1 hour. Postfixed roots were washed 3 times (10 minutes each wash) 

with demineralized water. After fixation the root segments were dehydrated with a 

graded series of ethanol (10-100% v/v) of 10 minutes each. Dehydrated root segments 

were cleared with propylene oxide  (2 times/ 30 minutes each), and infiltrated for 24 

hours with a mixture of 50% Eponate Resin (Ted Pella, Inc., Redding, CA) and 50% 

propylene oxide. After two transfers (24 hours each) in undiluted resin, the root segments 

were embedded in undiluted Eponate 12 resin (Figure 8). The embedded roots were 

sectioned (70 nm thick) with a diamond knife in an ultramicrotome. Thin sections were 

collected on naked, 200 mesh-copper grids for electron microscopy. The grids were 

stained with saturated aqueous uranyl acetate at room temperature for 20 minutes 
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followed by lead citrate at room temperature for 2-4 minutes. Grid-mounted sections 

were examined by transmission electron microscopy and photographed at 80 kV with a 

JEOl, JEM-100cx electron microscope.  

Objective 5. Distribution of M. incognita SC epitopes in roots of Medicago sativa and 

determination of differences between the resistant and susceptible alfalfa cultivar. 

 Alfalfa seedlings (2 days-old) from resistant and susceptible cultivars were 

inoculated with M. incognita J2 (approximately 30 nematodes / 5 µl water) as described 

in previous sections. Inoculated seedlings were incubated for 24 hours at 28 ºC.  Thirty 

seedlings of each cultivar were harvested 24 hours after inoculation.  The remaining 

seedlings were kept in a hydroponic system (described above) contained in a growth 

chamber at 28 ºC, with 12 hours of light, at a PPF of 400 µmolm-2s-1. During the next 96 

hours, 30 infected seedlings of the each cultivar were harvested at 48, 72, and 96 hours 

after inoculation.  

Infected root segments were fixed overnight in glutaraldehyde, 3% in 0.05 M sodium 

cacodylate buffer (pH 7.2) at room temperature. After this they were washed twice for 10 

min with cacodylate buffer, dehydrated with a graded series of ethanol (10-100% v/v) of 

10 minutes each. Dehydrated root segments were cleared with propylene oxide (2 times/ 

30 minutes each) and infiltrated with a mixture of 50% Eponate resin and 50% propylene 

oxide for 24 hours.  After two transfers to undiluted Eponate (24 hours each), the root 

segments were embedded in undiluted Eponate. Embedded roots were sectioned (70 nm 

thick) with a diamond knife in an ultramicrotome. Thin sections were collected on naked 

200 mesh-gold grids for electron microcopy. 



65

Immunogold labeling  

 Monoclonal antibody (MISC) was used to localize SC epitopes following the 

protocol described by Hu et al (2000). Ultrathin sections on gold grids were transferred to 

one drop of 0.01 M phosphate-buffered saline (PBS, pH 7.2) containing 0.2% (w/v) 

polyethylene glycol (PEG 20,000) for 5 minutes at room temperature. Sections were then 

incubated in a drop of blocking solution consisting of 0.01M PBS (pH 7.2), 10% (v/v) 

fetal bovine serum, 1% (w/v) bovine serum albumin (BSA), 0.05% (v/v) Tween-20, and 

0.2% (w/v) sodium azide for 30 minutes, followed by incubation in a drop of primary 

antibody (MISC) in a moist chamber at room temperature for 2 hours. MISC-treated grids 

were washed in 3 drops of buffer (0.01 M PBS, pH 7.2, containing 1% BSA and 0.05% 

Tween-20) to remove unbound MISC.  Sections subsequently were transferred to a drop 

of colloidal gold-conjugated, goat antimouse immunoglobilins (GAM-gold antibody). 

The secondary antibody was diluted 1:25 in PBS-BSA buffer for 1 h at room 

temperature. Gold-labeled sections were washed with 0.01 M PBS (pH 7.2), fixed in 

glutaraldehyde (3% in 0.05 M sodium cacodylate buffer, pH 7.2) for 2 minutes, then 

rinsed twice with demineralized water and stained with saturated aqueous uranyl acetate 

at room temperature for 20 minutes followed by lead citrate at room temperature for 2-4 

minutes. Photomicrographs were taken of sections from each developmental stage (24, 

48, 72, and 96 hours after inoculation) with a JEOL JEM-100cx.electron microscope. 

Control sections were incubated in PBS-BSA for 2 hours followed by incubation for one 

hour in the gold-conjugated secondary antibody.  Primary (MISC) antibody was 

excluded. 
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Figure 3. Scarified seeds germinated on sterilized paper rolls placed in 250 mL beakers   
 containing 100 ml of water.  
 

Figure 4. Germinating seedlings on paper rolls with the root tip placed between two strips of   
 Miracloth. The seedlings were inoculated with 20-25 J2 freshly hatched J2 in 5 µl of water. 
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Figure 5. Hydroponic system consisting of a 2.8 L black plastic tank containing 2 L of ¼    
 strength Hoagland’s No. 2 basal salt mixture. 

 

Figure 6. Method to assess J2 migration from alfalfa roots using black-painted vials  
 containing Hoagland’s No. 2 basal salt mixture. 
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Figure 7. Alternate method used to assess J2 migration from alfalfa roots using polypropylene 
Petri dishes (50 x 12.5 mm) sealed with silicone-rubber to form a closed chamber.   

 

Figure 8.  Root segments infected with M. incognita race 3 embedded in Eponate 12 resin.  
 Marks on resin indicate position of nematodes within the root. 
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RESULTS 
 

Host plant status trial 

The preliminary greenhouse trial to confirm the phenotypic response of cultivars 

resistant and susceptible to M. incognita showed that nematode reproduction was 

significantly less (P<0.05) on Moapa reported to be resistant, than on the susceptible 

cultivar, Lahontan (Table 1, 2).

Table 1. Number of Meloidogyne incognita eggs on Moapa and Lahontan   
 alfalfa (Medicago sativa) cultivars  under greenhouse conditions. 

Plant number 
Moapa 

Number of eggs /plant 
Lahontan 

Number of eggs/plant 
1 0 11,200 

2 0 5,200 

3 0 14,800 

4 0 0

5 6,600 128,000 

6 0 43,000 

7 0 1,600 

8 0 5,200 

9 0 0

10 0 800 

11 0 92,400 

12 0 7,600 

Mean 

Range 

 550 

6,600 

25,816 

128,000 

Std Dev ±1,905.25 ±41,813.74 

Std Error 550.65 12,085 
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Table 2. Number of eggs produced by M. incognita on Moapa and Lahontan alfalfa 
(Medicago sativa) cultivars under greenhouse conditions. ANOVA analysis. 
 
Source of 
variation 

DF SS MS F P 

Between 
treatments 

1 3830426666.667 3830426666.667 4.37 0.048 

Residual 22 19272206666 876009393.939   

Total 23     

Comparison of the rate of penetration of M. incognita juveniles between resistant 

and susceptible alfalfa cultivars. 

This experiment was conducted twice with similar results (Table 3). Nematode 

penetration was first observed 12 hours after inoculation. In the first trial, 24 hours after 

inoculation, an average of 2.7 juveniles per root had penetrated Moapa and 1.9 had 

penetrated Lahontan. In the second trial 2.7 J2 per root had penetrated Moapa and 3.0 J2 

had penetrated Lahontan. Both cultivars, Moapa and Lahontan, were equally penetrated 

by M. incognita (P>0.01).  
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Table 3. Penetration of Lahontan and Moapa alfalfa cultivars  
 by M. incognita J2, 24 hours after inoculation. 

J2 per root

Lahontan           Moapa 
First trial 

Media 

Std dev 

Std error 
 

Second trial 
 
Media 
 
Std dev 
 
Std error 

1.9 

±±±±2.04 

.4174 

 

3.0 

±±±±2.49 

.5889 

 

2.7 

±±±±2.44 

.4196  

 

2.7 

±±±±2.88 

.4948 

 

Comparison of the behavior and development of M. incognita during the first 96 

hours after inoculation. 

 Nematode behavior 24 hours after inoculation. 

No differences in J2 behavior in Lahontan and Moapa were detected 24 hours after 

inoculation. At 24 hours post-inoculation, most J2 were in the cortex zone and the 

elongation zone (Figure 9) (91% in Lahontan and 100% in Moapa), most of them 

migrating toward the root apex (Table 4). Some J2 were observed in the meristematic 
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(Lahontan) zone or still penetrating the epidermis (Lahontan and Moapa), mostly near or 

little bit above the zone of elongation. Some J2 were observed penetrating directly 

through the root tip (Table 4). Most juveniles were found in the first 2 mm of the root tip. 

 
Table 4.  Meloidogyne incognita J2 in alfalfa roots 

 (100 seedlings) 24 hours after inoculation. 
 

J2 position 

Number of J2 in 100 seedlings at 
different locations

Lahontan                      Moapa 
 

Cortex   
 

29 
 

%Total      52% 
 

50 
 
57%  

Elongation zone 
 
Penetrating 
 

20 
 

2

%Total       39% 

 23 
 
14 

 
% Total  43% 

Meristematic zone 
 
5

% Total       9% 

 
0

% Total   

Total J2/100 plants 
 
56 
 

87 

Nematode behavior 48 hours after inoculation. 

After 48 hours, 62% of J2 in Lahontan and 64% of J2 in Moapa were near or at the 

vascular cylinder.  J2 also were observed in the cortex migrating towards the root tip or 

migrating up towards the vascular tissue in greater numbers in Lahontan (32%) than in 

Moapa (11%). The remaining nematodes were located in the elongation zone: Lahontan, 

6% Moapa 24%. At this point, although the majority of juveniles were at or near vascular 
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tissue in the same proportion, migration of J2 towards vascular tissue occurred more 

slowly in Moapa than in Lahontan. All nematodes found in the roots of both cultivars, 48 

hours after inoculation were infective J2 with no evidence of growth (Table 5). 

 
Table 5.  Meloidogyne incognita J2 location in alfalfa  

 roots (100 seedlings)  48 hours after inoculation. 
 

J2 position 

Number of J2 and their location in 
100 seedlings 

Lahontan                      Moapa 

Cortex  
 

16 
 

32% 
 

5

11% 
 

Elongation zone 
 

3

6% 
 

11 
 
24% 

Vascular  zone 
 

31 
 

% Total 62% 

 29 
 

% Total   64% 

Total J2/100 plants 
 

50 
 

45 
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Figure 9. Lahontan root 24 hours post-inoculation. M. incognita  J2 in the cortex migrating         
 toward the root apex (c, cortex, N, nematode, vc, vascular cylinder). Bar scale = 40 µm

vc

N
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Nematode behavior 72 hours after inoculation.   

Nematode position in the root changed little between 48 and 72 hours after 

inoculation. Most nematodes were found near or at the vascular tissue in both cultivars in 

about the same percentages (84% in Lahontan and 87% in Moapa). Likewise, the number 

of nematodes in the cortex was similar in both cultivars (16% in Lahontan and 13% in 

Moapa). At this stage the most striking difference was in the nematode development. 

Most J2 were vermiform in both cultivars, but a few slightly swollen juveniles were 

observed, especially in Lahontan. Also, coiled or curled juveniles were observed in larger 

numbers on Moapa in both cortex and vascular tissue (Table 6). 

Moapa and Lahontan behavior 96 hours after inoculation. 

Cultivar-specific differences in J2 behavior, including placement in the root and rate 

of development, were more evident 96 hours after inoculation when most (87%) of the 

juveniles infecting Lahontan had reached the vascular tissue and only a few (13%) were 

still migrating through the cortex.  Thirty-six out of 86 of juveniles in the vascular tissue 

were swollen (Figure 10) while the remainder (50 out of 86) was still vermiform (Figure 

11). No coiled nematodes were observed in Lahontan 96 hours after inoculation. 

In Moapa, 56% of J2 reached the vascular tissue after 96 hours while 44% remained 

in the cortex. Most of the juveniles located in the vascular tissue had not begun to swell 

or were only slightly swollen and 5% were coiled near vascular tissue.  

Most (26 of 40) of the nematodes located in the cortex were vermiform (Figure 12) 

while others (14 of 40) were vermiform and coiled (Figure 13, 14). No swollen 

nematodes were observed in the cortex of Moapa 96 hours after inoculation (Table 7). 
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Table 6.  Meloidogyne incognita J2 location and appearance in alfalfa roots (100 
seedlings) 72 hours after inoculation. 
 

J2 position 

 

J2 appearance 

Number and location of J2 in 100 
seedlings 

Lahontan                      Moapa 

Cortex 
 vermiform 

 
vermiform & coiled  

 

9

3

% total     16% 

 

4

4

13% 
 

Vascular  zone 
 

vermiform 
 
slightly swollen 
 
vermiform & coiled 
 

51 
 

8

3

% total     84% 
 

43 
 

3

8

87% 

Total J2/100 plants  74 62 
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Table 7.  Meloidogyne incognita J2 position and appearance in alfalfa roots (100 
seedlings) 96 hours after inoculation.  
 

J2 position 

 

J2 appearance 

Number and location of J2 in 100 
seedlings 

Lahontan                      Moapa 

Cortex 
 vermiform 

 
vermiform & coiled  

 

13 
 

0

% total     13% 

 

26 
 

14 
 

45% 
 

Vascular  zone 
 

vermiform 
 
swollen 
 
vermiform & coiled 
 

50 
 

36 
 

0

% total     86% 
 

37 
 

9

5

55% 

Total J2/100 plants  99 88 
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Figure 10.   M. incognita J2 on Lahontan  96 hours after inoculation. J2 had reached the vascular   

 tissue and became swollen ( nematode, N, vascular cylinder, vc, cortex, c). Bar scale = 42 µm

Figure 11.  Lahontan 96 hours after inoculation. M. incognita J2 had reached the vascular tissue and   
 was still vermiform (Nematode, N, vascular cylinder, vc, cortex, c). Bar scale = 40 µm. 

N vc

N

vc
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Figure 12. Moapa root 96 hours after inoculation showing necrosis near a J2 of M. incognita in the     
 cortex (nematode, N, vascular cylinder, vc, cortex, c). Bar scale = 40 µm

Figure 13. Resin-embedded Moapa root 96 hours after inoculation showing a vermiform and coiled    
 Meloidogyne incognita J2 located in the cortex (nematode, N, vascular cylinder, vc, cortex, c). Bar    
 scale = 60 µm

N

vc

N

C

c
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Figure 14.  Moapa root 96 hours after inoculation showing a vermiform and coiled Meloidogyne     
 incognita J2 in the cortex (nematode, N, vascular cylinder, vc, cortex, c).  Bar scale = 20 µm

N

vc
C
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Comparison of nematode migration from resistant and susceptible alfalfa roots. 

 
Two different methods were used to assess J2 migration from alfalfa roots.  In sealed 

Petri-dish chambers, over a 7-day period, only two J2 had egressed from Moapa and none 

had egressed from Lahontan (20 plants of each cultivar). Similar results were obtained 

when the seedlings were grown in vials containing hydroponic solution and the 

nematodes screened from the solution at 48-hr intervals.  After 7 days the seedlings in 

sealed chambers were harvested, stained with acid fuchsin, and the juveniles were 

counted. A media of 2.5 J2 per root was observed in Lahontan roots while in Moapa the 

media was 2.7 J2 per root. 

 
Comparation of ultrastructural host responses in roots of resistant and susceptible 

alfafa cultivars. 

Twenty four hours after inoculation, most nematodes were migrating towards the 

root tip or, having reversed direction, upwards through the cortex. There were not any 

noticeable ultrastructural changes in cells surrounding the nematode in either cultivar. 

Vacuoles were central and occupied most of the cell volume; nuclei were large, with one 

nucleolus and no modifications of the nuclear membrane. Dictyosomes, mitochondria, 

and ribosomes associated with endoplasmatic reticulum, or as polysomes, were abundant 

(Figure 15). During migration, a separation of cortical cells at the lamella was observed 

in both cultivars (Figure 16). As a result of infection, an accumulation of a uniform 

interstitial material (IM) between the nematode cuticle and root cell wall was evident in 
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both cultivars. There was no evidence of cell wall or cytoplasmic disruption. Exudates 

were observed emanating from the nematode’s amphids (Figure 16).  

 



83

Figure 15. Moapa root 24 hours after inoculation. Vacuole (v) is central, large nuclei (n), one 
nucleolus (nu) and no modifications of the nuclear membrane (nm). Abundant dictyosomes (d), 
mitochondria (m), and endoplasmatic reticulum (er). Bar equal = 2µm

Figure 16. Roots of Moapa 24 hours after inoculation, during migration. Separation of cortical cells at 
the media lamella (ml) is observed. Also exudates (arrow) emanating from the nematode’s amphids 
are observed. Bar equal = 7 µm
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After 48 hours most juveniles in Lahontan and Moapa were still migrating upward 

through the cortex.  In Moapa, mitochondria were normally shaped (round to oval). 

Abundant ribosomes were observed, primarily as polysomes and, to a lesser degree, 

associated with endoplasmic reticulum (Figure 17). The IM between the nematode cuticle 

and root cell walls was homogeneous in both cultivars (Figure 18, 19) but slightly 

agglutinated in some sections of Moapa (Figure 18). In Lahontan, 48 hours after 

inoculation, cell wall alterations on the root were observed. “Light-bulb-shaped” 

extensions or ingrowths were evident in cells adjacent to the nematode (Figure 20, 21). 

Some disruption of the nuclear membrane was observed (Fig. 20). 
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Figure 17.  Moapa roots 48 hours after inoculation. Mitochondria (m) normally shaped, abundant 
ribosomes ( r ) as polysomes, and associated with endoplasmic reticulum (er). Bar equal = 1 µm

Figure 18.  Moapa 48 hours after inoculation, showing IM (im) slightly agglutinated accumulated between 
nematode cuticle (Nc) and root cell walls (rc). Bar equal = .1 µm

N
M

M

ER

R

rc  Nc
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Figure 19.  Lahontan 48 hours after inoculation showing smooth IM (arrows) between nematode 
cuticle and root cell walls. Bar equal = 8 µm

Figure 20. Lahontan 48 hours after inoculation showing nuclear membrane disruption and boundary 
formations (bf). N, nematode.  Bar equal = 2 µm

IM

bf 

N
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Figure 21. Boundary formations (bf) produced in Lahontan 48 hours after inoculation of M.   
 incognita. Bar equal = 1 µm

BF 

bf
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Seventy two hours after inoculation, the IM located between the nematode cuticle 

and plant cell wall was more granular and more dispersed in Moapa than in Lahontan, 

especially near the middle of the nematode’s body. Cell walls of Moapa were folded 

(Figure 22) and the cytoplasm was disrupted. Amphidial secretions were lacking.  In 

Lahontan, the J2 were located in the parenchyma of the vascular tissue (Figure 23). 

Neighboring cells contained large vacuoles and appeared disrupted. Cell walls were 

folded and neighboring cells were compressed. Amphidial secretions were prominent 

(Figure 24).   
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Figure 22. Roots of Moapa infected with M. incognita 72 hours after inoculation IM occurred between 
the nematode cuticle (Nc) and plant cell wall (pcw). Folded cell walls forming pegs (p) were observed 
as result of the cell compression (cc).  Bar equal = 4 µm. 

 

Figure 23.  Meloidogyne incognita J2 located in the phloem parenchyma of Lahontan 72 hours after 
inoculation. Neighboring cells appeared disrupted (arrows). Nematode, (N), sieve element (se). Bar 
equal = 7 µm

pcc 

Nc

N

SE



90

 

Figure 24. Meloidogyne incognita J2 showing prominent amphidial secretions (as) in Lahontan 72 
hours after inoculation.  Bar equal = 1 µm

AS
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Ninety six hours after inoculation the IM located between the nematode cuticle and 

plant cell wall of Moapa was completely agglutinated (Figure 25).  Nematodes were 

positioned in the cortex, mostly in a coiled position. Neighboring cells were crushed and 

the cytoplasm appeared disrupted (Figure 26).  In Lahontan, the nematodes’ heads were 

located in the vascular tissue, frequently near the phloem (Figure 27). Neighboring cells 

had large central vacuoles, and some cells near the head area were dividing. The 

nematode’s body remained in the intercellular space (Figure 28). In the cells surrounding 

the nematode’s head there was an abundant accumulation of endoplasmic reticulum, 

dictyosomes, ribosomes and mitochondria (Figure 29). Stainable material between the 

plant cell wall and nematode cuticle was less agglutinated (Figure 29) than similar 

material in Moapa (Figure 25) or still smooth as shown in Figure 30.  
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Figure 25. Ninety-six hours after inoculation with M. incognita, IM (im) located between the   
nematode (N) and plant cell wall (pcw) of Moapa was completely agglutinated.  Bar equal = .5 µm

Figure 26. M. incognita in Moapa 96 hours after inoculation. J2 were positioned in the cortex, mostly 
in a coiled position (N). Neighboring cells were crushed (cc) and the cytoplasm appeared disrupted. 
Bar equal = 4 µm

N

IM PCW 

 
N

CC
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Figure 27. Lahontan 96 hours after inoculation. The nematodes’ head was located near phloem     
 sieve element (se). Bar equal = 2 µm

Figure 28. Lahontan 96 hours after inoculation on intercellular space (is). Nematode neighboring cells 
had large central vacuoles (v) and some cells near the head area were dividing  (arrows).  
Bar equal = 4 µm

se 

N
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Figure 29. Lahontan 96 hours after inoculation. IM (im) between the plant cell wall (pcw) and 
nematode slightly agglutinated. Accumulation of endoplasmatic reticulum (er), dictyosomes (d), 
ribosomes and mitochondria on cells next to nematode’s head.  Bar equal = 2 µm

Figure 30. Lahontan 96 hours after inoculation. IM (im) between the plant cell wall (pcw) and 
nematode cuticle (Nc) was more uniform than in Moapa, 96 hours after inoculation areas.  
Bar equal = .5 µm. 
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Distribution of nematode surface coat epitopes in roots of infected alfalfa cultivars 

resistant and susceptible to M. incognita.

Nematode surface coat epitopes were not detected in Moapa 24 hours after 

inoculation and only slight labeling was apparent in Lahontan.  In Lahontan, surface coat 

epitope labeling was observed only on the nematode’s cuticle and cuticular incisures 

(Figure 31).  Labeling of the surface coat epitopes was more pronounced in Moapa than 

in Lahontan 48 hours after inoculation. (Figure 32, 33) Labeling occurred on the 

nematode cuticle and root cell wall. Between the nematode’s cuticle and the root cell wall 

a lightly staining, condensed material was observed. This material was labeled with the 

MISC antibody. Lahontan at 48 hours was only weakly labeled.  Most of the labeling 

occurred on nematode’s cuticle and root cell wall. 

Surface coat epitope labeling on Moapa was stronger at 72 hours than at 48 hours on 

both the nematode cuticle and plant cell wall. The condensed material located between 

the nematode cuticle and plant cell walls labeled more intensely at 72 hours than at 48 

hours after inoculation. It was not clear if this material was part of cell wall or material 

secreted by either the plant or the nematode (Figure 34, 35). In Lahontan, 72 hours after 

inoculation, labeling of the surface coat epitope was observed on the nematode’s cuticle, 

the root’s cell wall, and also intercellular spaces between neighboring cells near the 

nematode (Figure 36, 37). Intercellular labeling was not observed at any stage in Moapa. 

After 96 hours, the dark agglutinated material (Figure 38) observed earlier in Moapa 

appeared to be labeled in areas where it was not so densely agglutinated, MISC binding 

was apparent (Figure 39). The rectal gland of the J2 also was strongly labeled (Figure 
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40). In Lahontan, 96 hours after inoculation, the intercellular spaces adjacent to the 

nematode were labeled (Figure 41).  
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Figure 31. Immunolabeled Lahontan 24 hours after inoculation. Surface coat epitope labeling (arrows) 
was observed only on the nematode’s cuticle, and cuticular incisures (not shown). Bar equal = .5 µm

Figure 32. Immunolabeled Lahontan 48 hours after inoculation. Nematode and host tissues were only 
weakly labeled (arrows).  Most of the labeling occurred on nematode’s cuticle and root cell wall. 
Lightly stained material (ls) can be observed. Bar equal = .5 µm

L
S
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Figure 33. Immunolabed Moapa 48 hours after inoculation. Labeling of the surface coat epitope was more 
pronounced than at 24 hours.  Labeling occurred on the nematode cuticle, root cell wall, and in the area 
between the nematode’s cuticle and the root cell wall that were lightly staining (ls). Bar equal = .25 µm

Figure 34. Immunolabeled Moapa 72 hours after inoculation. Surface coat epitope labeling (arrows) was 
stronger at 72 hours than at 48 hours. The lightly stained (ls) material is located between the nematode 
cuticle and plant cell walls showing a more intense labeling.  Bar equal = .5 µm
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ls
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Figure 35. Immunolabeled Moapa 72 hours after inoculation. The lightly stained (ls) material between the 
nematode cuticle and plant cell walls showing a more intense labeling  (arrows). Bar equal = .5 µm

Figure 36.  Immunolabeled Lahontan at 72 hours after inoculation. Labeling of the surface coat (arrows) 
epitope occurred between nematode’s cuticle, and the root’s cell wall. Bar equal = .5 µm

ls 

N



100

Figure 37. Immunolabeled Lahontan 72 hours after inoculation showing labeling of the intercellular spaces 
(is) of cells next to the nematode (N). Bar equal = 1 µm

Figure 38. Immunolabeled Moapa 96 after inoculation. Note dense agglutinated IM (im). Bar equal = .5 µm

is 

N

IM

N
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Figure 39. Immunolabeled Moapa 96 after inoculation, IM appeared to be labeled in areas where it was not 
so densely agglutinated (arrows). Bar equal = .25 µm

Figure 40. Immunolabeled nematode in Moapa 96 hours after inoculation. The rectal gland (rg) contents 
were strongly labeled (arrows). Bar equal = 1 µm

rg 



102

Figure 41. Immunolabeled Lahontan 96 hours after inoculation. MISC binding (arrows) of the intercellular 
spaces (is) at cell wall junctions. Bar equal = .5 µm

is
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DISCUSSION 
 

Host plant status trials confirmed the resistant and susceptible nature of Moapa and 

Lahontan against Meloidogyne incognita, first described by Reynolds et al. (1970). No 

differences in germination, growth rate, or visible morphological features that could 

explain differences in nematode reproduction were observed. This supports the idea that 

the resistance mechanism is related more intimately to the host-parasite relationship and 

not broadly to plant morphological or growth differences. This study focused on the first 

96 hours after inoculation because previous studies have shown that this is the critical 

interval for initiation of the events that lead to resistance against M. incognita (Sijmons et 

al., 1994; Potenza et al., 1996), whether it results from differences in gene expression of 

the host plant. 

M. incognita J2 had already begun to penetrate the roots of both cultivars 12 hours 

after inoculation. Moapa and Lahontan were equally penetrated by M. incognita, 

indicating that differential attraction to the host roots or ability of the nematodes to 

penetrate the resistant cultivar was not a factor in the resistance mechanism. This 

contrasts with the work of Griffin & Waite (1971) who compared the attraction of 

Meloidogyne hapla to susceptible and resistant alfalfa cultivars and found that M. hapla 

preferred the susceptible seedlings, which suggested a probable difference between the 

attractants or repellents produced by the host. 

The behavior of M. incognita J2 in Lahontan is comparable to that described for 

root-knot nematodes in other susceptible hosts (Christie, 1936; Hussey, 1985, Wyss et al., 

1992) varying only in the timing, which is temperature and host-dependent (Jones, 1981). 
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Gravato-Nobre (1996) defined four stages of the Meloidogyne-Arabidopsis relationship 

that can also be used to describe the Meloidogyne-Lahontan alfalfa host relationship: 1) 

“Invasion-migration I”, following penetration when J2 moves toward the root tip. 2) 

“Turning phase”, when the J2 changes its direction of movement and begins to move 

upward. 3) “Migration II”, defined as the movement inside the vascular tissue and 4) 

“Giant cell initiation”, when migration stops and feeding begins. 

The behavior of J2 observed during the first 24 hours after inoculation did not differ 

between susceptible and resistant alfalfa cultivars. Most J2 were in the invasion-

migration I stage. There were not any noticeable ultrastructural changes in cells 

surrounding the nematode head in either cultivar. This could mean either that the host 

plant resistance response had not been triggered or that cellular response of the plant 

towards the nematode had been initiated but was not yet detectable.  Similar results were 

reported by Endo & Wergin (1973) on early infection of clover roots by M. incognita. No 

visible ultrastructural changes in cortical cells were evident during infection and 

migration I stage. Migration along the cortex can be considered a strategy evolved by M. 

incognita to avoid the endodermis and its Casparian strip (hardened tissues) as means of 

saving energy (Wyss et al., 1992), avoiding cell disruption, and subsequent recognition 

by the host. 

During penetration and migration I, separation of cortical cells at the middle lamella 

was clearly observed in both cultivars, thus sustaining the well known theory of 

enzymatic involvement during migration. No evidence of cell wall disruption or damage 

to the protoplasm was detected at this time, which is also an advantage to M. incognita if 
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recognition by the host and resulting resistance responses are to be avoided. At this time, 

exudates were observed emanating from the nematode’s amphids. The nature of these 

secretions was not studied, but they did not bind MISC antibody. Monoclonal antibodies, 

specific for amphidial and stylet secretions, would be useful tools for determining the 

distribution and function of these secretions within host tissues. 

After 48 hours, J2 in Lahontan and Moapa were near or at the vascular cylinder  

(migration II stage) in about same numbers. Sometimes it was difficult, under the light 

microscope, to determine precisely if the juvenile was near the vascular tissue or actually 

had reached it. Also, in Lahontan, some J2 were in the “Turning Stage” while in Moapa 

they were still in the “Migration I” stage.  Migration I stage appeared to occur more 

slowly in Moapa than in Lahontan, suggesting that resistance mechanisms may be 

affecting nematode movement in host tissues.  

Some nematodes, in a coiled position, were observed for the first time at 48 hours 

after inoculation. These nematodes were mainly in the cortex of both cultivars. More than 

twice as many were found in Moapa than in Lahontan. The number of nematodes in this 

position increased at 72 and 96 hours in Moapa and decreased in Lahontan during this 

same period.  By 96 hours, no coiled nematodes were observed in Lahontan.  To my 

knowledge, this is the first report of coiled J2 in alfalfa resistant to M. incognita. An 

explanation for coiling is not immediately clear.  It is not known if the coiled J2 were 

alive or dead.  From their appearance, it can be hypothesized that the J2 were disoriented 

and lost their mobility, which led to starvation and/or malnourishment and then death. 

The coiled nematodes also could be nematodes that reached the vascular tissue but were 
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unable to identify a site suitable for giant cell initiation and, subsequently, moved back 

into the cortex where they coiled. Or, they could have coiled in the cortex without ever 

having reached the vascular tissue.  Assuming that they reached the vascular tissue, the 

reason why the J2 were not able to recognize a proper cell to initiate a feeding site it is 

unclear. Chemoreception is very sensitive to disruption during certain life stages such as 

movement to a feeding site but unfortunately, little is known about this subject (Perry, 

1996). 

At the ultrastructural level, 48 hours after inoculation, the most evident change in 

both cultivars was the appearance of a uniform IM between the nematode cuticle and the 

root cell wall. The nature of this material is unknown. Similar materials have been noted 

in other host-parasite interactions and described as “fibrillar material”, “electrodense 

material”, “cuticular exudation material”, etc. (Endo & Wergin, 1973; Forrest, 1989; 

Endo & Wyss, 1992).  Forrest (1989) described the material as a fibrillar material 

surrounding the nematode head or forming a loose deposit composed of plant and 

nematode material next to the plant cell wall. According to Forrest this material could be 

the result of an interaction between different nematode products or between nematode 

and plant and possibly it is involve in the anchorage of the nematode during feeding. 

Because the material found in infected alfalfa roots is not fibrillar and because it differs 

in appearance and stainability from other such deposits, it may have a different function 

in alfalfa as well. 

Endo and Wergin (1973) described an electrondense material on clover infected by 

M. incognita that was found between the middle lamella of cells close to the lip region of 
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the J2 and along the nematode between its cuticle and the opposing cell wall of the host. 

They proposed that, if this material is a nematode secretion, it may be associated with the 

alteration or destruction of the media lamella and somehow facilitates intercellular 

penetration by J2. But, if the material is of plant cell origin, then it could result from 

damage caused by nematode’s migration or from toxic substances related to defense 

reactions. Endo and Wyss (1992) reported a slightly fibrillar cuticular exudation present 

on H. schachtii J2 and J3 24 and 48 hours after inoculation. The exudations near lips 

were amorphous, but when close or attached to the cuticular body annulations the 

secretions appeared fibrillar. According to the authors the origin of this material appeared 

to be from Golgi located in the cuticular epidermis (hypodermis). They believed that the 

exudates act as a protective layer for the cuticle that mask recognition by the root tissues. 

The stainable IM in alfalfa infected with M. incognita also was deposited between 

the nematode and the plant cell wall, but it was not to fibrillar.  With time, its appearance 

changed from uniform to agglutinated or condensed.  In appearance, the IM in infected 

alfalfa was similar to that found in sugar beet infected with Heterodera schachtii, except 

that the material in sugar beet did not change its appearance up to 96 hours after 

infection.    In alfalfa, clear signs of agglutination of this material was observed in Moapa 

after 48 hours.  These changes also occurred in Lahontan, but they were observed much 

earlier in Moapa and were more intense than in Lahontan.   At 96 hours, IM in Moapa 

was completely agglutinated while in Lahontan was still uniform or only slightly 

agglutinated in a few areas. Due to these clear differences between both cultivars I 

propose that the IM plays a role in the resistance response in Moapa. It is not clear if IM 
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is nematode material and /or plant material, but it is not unlikely that it could consist of 

both (Endo & Wyss, 1992).  More research is needed, possibly using specific stains or 

monoclonal antibodies, to determine the origin and nature of this material. When probed 

with MISC, IM was labeled in Moapa 96 hours after inoculation, but the label was 

difficult to discern and photograph against the darkly stained IM.  

Ultrastructural cell wall alterations were also observed 48 hours after inoculation of 

Lahontan.   Light-bulb-shaped membrane extensions or ingrowths of the plasmalemma of 

neighboring cells that were near the nematode, but not in contact with it, were observed 

in Lahontan but never in Moapa.  Several authors (Huang & Maggenti, 1969; Rebois et 

al., 1975; Ciamporova & Mistrik, 1993) have reported similar membrane ingrowths under 

different circumstances. Huang and Maggenti (1969) observed cell wall modifications on 

two different hosts infected with M. javanica seven days after inoculation.  They used the 

term boundary formation, proposed by Esau (1966), to describe this type of structure. 

According to Esau boundary formations, of which there are three types, are related to cell 

wall formation. Rebois et al. (1975) observed boundary formations on susceptible hosts 

of Rotylenchulus reniformis between 4 and 7 days after infection, but not on resistant 

hosts. He considered boundary formations a sign of a cell switching to an anabolic 

metabolism to support cell wall regeneration, and secondary wall deposition. Moreover, 

Ciamporova and Mistrik (1993) described very similar types of ingrowths of the plasma 

membrane on maize root cortex cells suffering from water deficit. There is wide evidence 

that all kind of stresses affect plant cell membranes by changing permeability. Secondary 

or tertiary effects may then be induced. The observed ingrowths on Lahontan seem to 
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agree perfectly with the definition of boundary formations and, therefore, could have 

resulted from the stress (and shift to an anabolic condition) caused by infection with M. 

incognita. That boundary formations were not observed in Moapa could suggest that 

boundary formations are an essential component of a successful host-parasite relationship 

in alfalfa infected with M. incognita.

Other characteristics observed on infected alfalfa roots was the presence of necrosis 

in various tissues at different times following inoculation. Necrotic cells were observed in 

both resistant and susceptible cultivars as soon as 48 hours, and up to 96 hours, after 

inoculation. Necrosis in both cultivars minimizes its hypothetical role in the resistance of 

alfalfa to M. incognita. Necrosis could result from mechanical damage when the J2 

penetrates the roots or it could result from damage associated with intracellular 

migration.   

At 72 hours after inoculation most nematodes were found in Migration II stage. 

Migration I had almost stopped. Only few nematodes were still moving along the cortex. 

Differences in the nematode’s development were very clear between both cultivars at this 

time. Slightly swollen juveniles were observed, especially in Lahontan, an indication that 

feeding had started (Huang & Maggenti, 1969). The IM became less uniform in 

consistency and more agglutinated or condensed.  It was observed particularly in the 

middle part of the nematode body and rarely in the head area. If we accept the hypothesis 

that the IM is a mixture of plant and nematode material, then the changes in appearance 

that occur in alfalfa could be induced by resistant responses from the plant.   
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At 96 hours after inoculation most of juveniles present in Lahontan were in 

Migration II or had initiated giant cells such as normally occurs in susceptible hosts. 

Typically, feeding site initiation occurs about 72 hours after penetration.  In Lahontan, 

most J2 observed in 100 plants (86 out of 99) had initiated feeding sites.  In contrast, only 

about half of the J2 in Moapa had reached the vascular tissue and the other half were still 

in the cortex. Despite reaching the vascular tissue in Moapa, most of the J2 in the 

vascular tissue did not start to feed.  Just 9 nematodes of 48 observed in the vascular 

tissue were swollen. Thus, the resistant mechanism probably does not depend only on the 

ability of the J2 find and initiate a feeding site, but also that once started, it is unable to 

maintain it. Consequently, it seems probable that there is more than one factor playing a 

role in the resistance of Moapa to M. incognita. Nematodes in resistant cultivars may not 

withdraw solutes or may not introduce the specific secretions or materials that are 

necessary to initiate giant cells (Hussey, 1989). Constant nematode stimulus is also 

necessary to develop and maintain giant cells (Krusberg, 1963). It is well known that 

giant cells are a metabolic sink and are essential for the J2 development. A larger sink 

will transport more solute, primarily photosynthate, and if the giant cells are too small or 

do not form, J2 do not develop (Jones, 1981).   

Migration of J2 from of the roots of both Moapa and Lahontan was minimal over 96 

hours.  This conflicts with observations by Reynolds et al. (1970) who found that the 

number of J2 migrating from resistant alfalfa cultivars (African and Moapa) was greater 

than from Lahontan.  Based on their observations, they proposed that J2 migration from 

infected alfalfa roots was an expression of “symptomless resistance”. Such different 



111

results could be due to differences in the seed sources used in the current study, or to 

differences in the experimental parameters.  In my experiments the average number of J2 

found seven days after inoculation in both Lahontan and Moapa were very similar to the 

average found 24 hrs after inoculation, leading to the conclusion that, under my 

experimental conditions, migration of J2 from Moapa does not play a significant role in 

resistance.   

Nematode cuticle is multilayered exoskeleton that functions as a barrier to isolate the 

nematode its environment (Spiegel & McClure, 1995). In many nematode species, the 

external cuticular layer, the epicuticle, is covered by an amorphous coating termed the 

surface coat (Sharon et al., 2002). Its composition is stage-specific in many nematodes. 

Because the SC is in contact with the nematode’s external environment, its physical and 

chemical properties may affect nematode behavior and host plant responses. It has been 

suggested that is the initial target of host response to the nematode during invasion 

(Roberts, 1997) and that the SC of plant parasitic nematodes enables them to avoid 

recognition phenomena that might elicit a resistance response by the host-plant (Hu, et 

al., 2000).  For these reasons, understanding the SC is considered one of the major goals 

for research that would enable the design of new strategies for nematode control.  

Nematodes secretions and surface coat antigens are probably the first signals sensed by 

the plant. The SC of Meloidogyne has been partially characterized through a variety of 

methods including the use of monoclonal antibodies (Sharon et al., 2002).   

In the current study, Moapa probed with MISC did not show surface coat epitopes in 

host tissues 24 hours after inoculation. This could be related to delayed migration of M. 
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incognita in Moapa during the invasion-migration I stage. Lack of SC on the J2 surface 

could trigger host responses that slowed migration.   In contrast low levels of SC epitopes 

were detected in Lahontan, when labeling was observed on the nematode’s cuticle and 

cuticular incisures. Labeling became stronger as the infection progressed.  

At 48 hours, the labeling pattern was reversed. SC epitopes labeled more intensely in 

Moapa than in Lahontan. This pattern was repeated at 72 and 96 hours after inoculation. 

In addition to labeling intensity, the localization of the MISC reactive epitopes varied 

with time and cultivar. At 48 hours, labeling occurred only on the nematode’s cuticle, the 

root cell walls, and the IM in both cultivars. Because the IM was consistently labeled, it 

is likely that it consists, at least in part, of SC material, perhaps along with other 

nematode secretions and cell wall materials. At 72 hrs after inoculation, labeling in 

Moapa became more evident on the nematode’s cuticle, the plant cell wall, and the IM. In 

Lahontan, 72 and 96 hours after penetration, labeling of the surface coat epitopes was 

observed on the nematode’s cuticle, the root cell walls, and the cell wall junctions of cells 

near the nematode, but not in direct contact with it.  A similar pattern of labeling was 

described in Arabidopsis thaliana infected with M. incognita (Gravato-Nobre, 1999) that 

confirmed the shedding of SC in host tissues and suggested that SC deposition may serve 

as a protective “smoke screen” that enables the nematode to physically evade plant 

resistance responses (Blaxter, et al. 1992). Alternatively, shed SC molecules might bind 

to plant receptors to trigger feeding site formation (Sharon et al., 2002). 

MISC-labeled IM was again observed, at 96 hours after inoculation, along the cuticle 

and near the cell wall. Label was more easily observed in areas where the IM was not so 
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condensed or dark-staining.  More effort will be required to establish the nature of this 

material. Also, at this time, intensely-labeled rectal gland contents confirmed the origin 

of the MISC epitope and the immunoactivity and specificity of the MISC antibody 

previously reported by Hu et al (2000). 

 It was not possible to determine if there is variation in the amount of SC produced by 

the different stages of M. incognita in alfalfa roots.  In general, the labeling of SC with 

MISC-colloidal gold was consistent but not very strong in either cultivar.  Weak labeling 

may have been due to eponate resin, used as an embedding medium, which can block 

epitope binding sites. Nevertheless, labeling was adequate to determine that SC 

deposition increased from 48 hours to 72 hours after inoculation and was much more 

intense during Migration II and feeding site establishment.  
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CONCLUSIONS 
 

From these results, it is concluded that: 

 

• Neither differential penetration of M. incognita in susceptible and 

resistant cultivars, nor migration of J2 from Moapa, play a significant 

role in the resistance mechanism (s).  

• Behavioral, ultrastructural and immunolabeling studies indicated that 

the first 72 hours after inoculation is the critical time for cultivar- 

related host responses to M. incognita. 

• In Moapa, resistance probably does not depend only on the failure of 

the J2 to identify a suitable feeding site and initiate a GC, but also on 

its inability to maintain the GC, once it is initiated. 

• The SC physical and chemical properties may affect nematode 

behavior and host plant responses. The understanding that SC plays a 

role in this process will require further studies in order to enable the 

design of new strategies for nematode control.      

• If we accept the hypothesis that the interstitial material is a mixture of 

plant and nematode material, then the changes in its appearance that 

occur in alfalfa could be induced in Moapa as a resistant response.   



115

• More studies on the nature and origin of the interstitial material and the 

lightly stained material present in both cultivars between the nematode 

cuticle and the root cell wall are necessary.  

• More studies on nematode chemoreception, and factors that affect this 

process, are necessary. 
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