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Summary - Sedentary endoparasitic nematodes such as Meloidogyne spp. establish an intimare and complex relationship to the host
plant. Very lime is understood of the molecular and cellular mechanisms involved in establishment and maintenance ofa feeding site,
or in host resistance to nematode attack. It is known that many plant genes in both susceptible and resistant hosts are either induced
or a1tered in their expression during nematode infection. For example, genes encoding proreins such as chitinases and glucanases
may be induced during a defense response. ln addition, the expression of other genes, such as those encoding srrucrural proreins or
constirutive enzymes may be enhanced to accommodate the increased cellular metabolism occurring during nematode infection.
Identification of host genes aJtered in their expression patterns may lead to identification of DNA sequences directing expression in
nematode infection sires. We have isolared one such sequence. The availability of promoters capable of directing expression of a
foreign gene in the infection sire will allow the development of molecuJar-based nematode control strategies.
Résumé - Expression de gènes induite par les nématodes chez les végétaux et stratégies de contrôle en découlant Les nématodes endoparasites sédentaires tels les A1.eloidogyne établissent avec leur plante hôte une relation étroite et complexe. Peu
de choses sont connues sur les mécanismes impliqués dans l'établissement et le maintien d'un site de prise de nourrirure, de même
que dans la résistance de l'hôte aux attaques du némarode. Il est connu que, chez les plantes tant sensibles que résistantes,
l'expression de nombreux gènes végétaux eSt induite ou modifiée au cours de l'infestation par le nématode. Par exemple, les génes
codant les protéines telles la chitinase ou la gJucanase peuvent être induits lors d'une réaction de défense. De plus, l'expression
d'autres gènes, tels ceux codant les protéines de srrucrure ou les enzymes constirutives, peut être renforcée pour s'adapter à
l'augmentation du métabolisme cellulaire se produisant pendant l'infestation. L'identification de gènes appartenant à l'hôte et
modifiés dans leur mode d'expression peut conduire à ['identification de séquences d'ADN dirigeant l'expression dans les sites
d'infestation par les nématodes. Nous avons isolé une telle sèquence. La disponibilité de promoteurs capables de diriger l'expression
d'un gène étranger dans un site d'infestation permettra la mise au point de stratégies de contrôle ayant une base moléculaire.

Key-words: Transgenic plants, host resistance, molecuJar biology.
Plant parasitic nematodes account for over $ 75 billion in crop losses worldwide on a yearly basis (Sasser &
Freckman, 1987). The sedentary endoparasitic forms,
such as Mel.oidogyne, Globodera, and Heterodera spp., are
responsible for the majority of this damage. These nematode species establish and maintain an intimate and
complex relationship with their host plants. Unlike
many other plant pathogens, sedentary endoparasitic
nematodes induce a fixed feeding site within the host
root that must provide nourishment for the duration of
the nematode life cycle. Inherent in this interaction is the
fact that the feeding site ceUs must remain healthy and
metabolically active in order for the nematode to reproduce. The nature of the interactions and the mechanisms involved in feeding site formation and maintenance have been the subject of intensive investigation
for over 50 years. Despite the significance of the problem and the effort applied rowards elucidating its causes,

very little substantive information exists regarding biochemical and developmental alterations of plant ceUs by
endoparasitic nemarode species.
Management of sedentary endoparasitic nematodes
has centered on three rools : crop rotation, application of
chemical nematicides and host resistance. Crop rotation
may be an extremely effective way to manage sorne
plant parasitic nemarode species. For example, resistant
soybean-susceptible soybean-corn rotations have been
used ro reduce damage caused by the soybean cyst nemarode, H. glycines (Schmitt & N oel, 1984). In many
other cases, however, the length of the rotation and the
host ranges of the nemarode preclude effective management without use of supplemental nematicide applications. Chemical nematicides have been used very effectively in the pase During the last 15 years, many
nematicides have graduaUy been either removed from
the market or drastically restricted in their use due to
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environmental or toxicity concerns. In many cases there
is no alternative control measure to replace the nematicide, forcing growers ta either switch craps or suffer
greater nematode losses.
Genetic host resistance is the most cost effective and
environmentally sound method for management of
plant para si tic nematodes (Cook & Evans, 1987). Resistance ta root-knot nematades is available in a limited
number of host species (Fassuliotis, 1979). Resistance
to the various species of cyst nematades is also available
(Cook & Evans, 1987). In most cases, though, resistance
may be restricred to single species, or even races, of a
particular nematode genus. Resistant crop cultivars respond to infection by the activation of a number of
inducible responses that are thought ta be disease resistance mechanisms (Bowles, 1990). One mechanism
commonly employed is the hypersensitive response
(HR) (Kiraly, 1980). The HR is a rapid localized necrosis of cells at the place of feeding site initiation, limiting
the parasitic ability of the nematade. Very little is understood of the molecular and cellular mechanisms involved in plant resistance ta nematodes. It is known that
many plant genes are up-regulated during a resistance
reaction, including genes encoding proteins su ch as glucanases, chitinases, and other enzymes commoruy referred to as pathogenesis related proreins (Bowles,
1990). There have also been reports of induction of
proteinase inhibitor genes (Bowles el al., 1991), however no functional role in nematade resistance has been
assigned to any of these proteins.
Advances in basic understanding of both plant molecular biology and plant-pest interactions have made it
possible to design genetically engineered crop plants resistant to particular pest species. There are now numerous examples of transgenic crop cultivars carrying foreign gene sequences conferring resistance to pathogens.
The earliest and most widespread of these approaches is
that of integrating viral coat prorein genes into the host
genome to confer protection from infection. This phenomenon was originaUy demonstrated in tobacco, where
plants genetically engineered to carry and express the
Tobacco Mosaic Virus coat protein gene were shown to
resist systemic infection by the intact virus (Able et al.,
1986). This result has been extended to coyer cross
protection from other viruses and is currentJy a standard
approach ta the development of virus resistant crop cultivars. The mechanisms involved in viral coat protein
mediated cross protection remain poorly understood at
the present time.
Transgenic crops have also been developed that carry
resistance to insect pests. These plants carry and express
the ~-endotoxin (BT) gene from the bacterium, Bacillus
lhuringiensis (Barton et al., 1987). When ingested, the
protein toxin binds to the gut membrane and causes
paralysis, leading to the demise of the insect. Proper
expression and function of the gene in plants has required significant remodeling of the gene sequence ta
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compensate for plant gene expression strategies (Perlak
el al., 1991). Although employment of this straregy has
resulted in the development of insect resistant crap cultivars, it has sorne drawbacks. Constitutive expression of
any toxin in a host species places strong selective pressures on the pest population, and the host plant suffers
negative energy balances when any foreign gene sequence is expressed constitutively. Global gene expression insures that many non-target species also will be
exposed to the transgenic prorein. There are currentJy
no reported examples of geneticaUy engineered host resistance to plant parasitic nematodes.
Feeding site formation

As previously mentioned, sedentary endoparasitic nematodes establish elaborate feeding sites within the host
raot. Nematade feeding sites may range from slightJy
altered cortical cells to vascular cells that are developmentally altered in their fate and function Gones, 1981).
Of the many types of feeding sites formed, those induced by the root-knot (Meloidogyne spp.) and cyst
(Globodera and Helerodera spp.) nematodes are the most
elaborare and economically important. There are also
many species of plant parasitic nematodes that do not
form specialized feeding sires. These forms, both ectaparasitic and migratory endoparasitic, will require a
somewhat different approach for management using genetically engineered crop plants. This review will focus
on management of sedentary endoparasitic nematodes.
Root-knot nematades have an very broad host range,
encompassing over 2000 plant species (Sasser, 1980).
Most or ail major cultivated crops are attacked by at least
one of the greater than 50 species of Meloidogyne (Sasser
& Carter, 1985). The four most common species, Meloidogyne arenaria, AI. hapla, M. incogniLa, and î.M". javanica, account for greater than 90 % of the reported
occurrences (Sasser & Carter, 1985). There is genetic
resistance to certain species available in sorne hosts. For
example, resistance in tobacco is conferred by a single
gene (rk), resulting in a hypersensitive response when
infecred by races 1 or 3 of M. incogniLa (Sasser, 1980;
Slana & Stavely, 1981). The gene is not effective against
the other races of M. imognita, nor against any other
lvfeloidogyne species. Tomata plants carrying the lUi
gene may be resistant to M. arenaria, M. incognùa, and
M. javanica, but not M. hapla (Gilbert & McGuire,
1956). The gene appears to be quite stable although
there may be breakdown under temperature stress. In
other crop species, resistance ta root-knot nematode is
generally limited to a single species.
The feeding site, or giant cells, of the root-knot nematode represents the most complex interaction known
between a plant host and a pathogen. The infective second-stage juvenile penetra tes the host root, generally
near the root tip, and migra tes ta the developing vascuJar cylinder. Glandular secretions are injected via the
Fundam. appl. NemalOl.
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nematode stylet into several cells surrounding the head,
resulting in the induction of giant cell formation (Hussey, 1989). The five to seven giant cells formed within
the vascular cylinder becorne the permanent feeding site
for the developing root-knot nematode. The giant cells
undergo repeated nuclear divisions without cytokinesis.
The multiple nuclei are enlarged and lobate, and may
contain fourteen to sixteen times more DNA than do
normal root tip nuclei (Wiggers el al., 1990). The giant
cells becorne greatly enlarged, and increased numbers of
cellular organelles are observed to accumulate. The cytoplasm becornes very dense and granular, and the centrai vacuole is greatly reduced in size. The giant cells are
metabolically higWy active, acting as nu trient sinks to
provide food to the developing nematode (Huang,
1985). One characteristic fearure of root-knot nematode
giant cells is the higWy invaginated and thickened cell
wall, similar to cell walls observed in transfer cells
Gones, 1981). The nematode is absolutely dependent
upon the giant cells since it loses the ability to move soon
after infection. The life cycle of the root-knot nematode
can be completed in approximately 30 days, and as
many as 5-7 generations may occur during a growing
season.
There are two major genera of cyst nematodes; Globodera (round cysts) and Heterodera (lemon shaped
cysts). Cyst nematode species tend to have a much narrower host range than do root-knot nematodes. There
are numerous species of economic importance, including the potato cyst nematode (Globodera pallida and
G. roslochiensis), the soybean cyst nematode (Heterodera
glycines), and the sugar beet cyst nematode (H. schachlii).
There is host resistance available to several species of
cyst nematodes, but as with the root-knot nematodes it is
often specifie for races of the nematodes. For example,
there are sixteen putative races of H. glycines, and there
are soybean cultivars that carry varying degrees of resistance to certain races (Riggs & Schmitt, 1988). Since
these races may occur as mixrures in a field, it is sometimes difficult to obtain good nematode management
with resistance alone. In sorne cases, there is not good
narural host resistance available for the major cyst nematodep~Œofag~encrop.

The feeding site of cyst nematodes is referred to as a
syncytium. Although morphologically similar to the
giant cells of root-knot nematode, syncytia are probably
induced and formed by very different mechanisms
Gones, 1981). Although syncytia are multinucleate, this
does not occur by repeated nuclear divisions without
cytokinesis. Instead, the multinucleate state of syncytia
results from the coalescence of several cells Gones &
Northcote, 1972). The nuclei are enlarged and lobate,
but DNA synthesis in the syncytia does not appear to be
related to development of the nematode (Endo, 1971).
As observed in giant cells, syncytia have thickened and
invaginated cell walls, increased numbers of organelles,
Vol. 17, n° 3 - 1994

and dense cytoplasm. In both giant cells and syncytia,
the number of plasmadesmata between the feeding site
and the surrounding root cells are greatly reduced
Gones, 1981). The enlarged feeding sites are dependent
upon constant stimulation from the nematode or they
will begin to degrade.
Table 1. Possibilities for plan! gene expression pallerns during a
susceptible interaction with root-knot (or cyst) nemalOdes.
1. Up-regulated gene expression
A. Enzymes
1. Catalase
B. Structural proteins
1. Extensins
2. Membrane channels
C. Unknown functions
1 pMR 1
II. Down-regulated gene expression

A. Maturation
B. Senescence
D. Unknown functions
III. Timing/pattern ofgene expression

A. Developmental
B. Regulatory
C. Unknown functions
IV. Not affected

The elaborate changes that occur to plant cell metabolism and development du ring nematode infection indicate that plant gene expression patterns must be substantially altered. There are a number of porential
alterations in gene activity during nematode infection
(Table 1). One may envision that, in ail cases, certain
constirutive enzymes and strucrural proteins may be upregulated in order to support the increased cellular metabolic activity related to nematode feeding. Although
few transcripts have been identified to date, this class of
genes might be the most straightforward to identify.
There have been a few preliminary reports of strucrural
or enzyme genes that are up-regulated during either
root-knot or cyst nematode feeding site establishment.
For example, it has been reported that catalase synthesis
is increased in potato during infection by G. roslOchiensis
(Niebel el al., 1992). Strucrural protein genes related to
the extensin family have been isolated from root-knot
nematode infected tomato roots in a screen designed to
identify up-regulated genes (van der Eycken el al.,
1992). One gene (pMR1) with unknown function has
been isolated from potato roots undergoing infection by
G. roslOchiensis (Gurr el al., 1991). For the most part,
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however, few plant genes up-regulated during nematode
infection have thus far been characterized.
There are a number of types of genes that may be
altered in their expression patterns in a different manner
from up-regulation. The most obvious is the example of
genes that may be down-regulated or even turned off
entirely. There are no examples from the literature of
such genes, but it may be speculated that defense genes
may be actively suppressed by the nematode during a
compatible interaction. It is also possible that genes involved in maturation and senescence of root tissue may
be down-regulated during nematode parasitism. Not ail
genes that are affected durlng nematode infection and
feeding site establishment are necessarily up- or downregulated. Certain regulatory genes involved in the interaction may have their expression altered in a temporal
sense. These genes may be expressed for a longer duration of time in order to accommodate the increased
metabolic needs of the developing feeding site. Alternatively, sorne genes may be expressed at inappropriate
times compared ta normal root ceU differentiation and
development. It is also likely that genes not normally
expressed in root cells at ail may be utilized during giant
cell or syncytia formation. The substantial alteration of
root vascular system ceUs towards the nematode's needs
guarantees that many plant genes have their normal expression patterns either quantitatively or qualitatively
shifted to meet the demands of the nematode.
Molecular approaches to designing nematode resistant crops

There are several approaches to the design of nematode resistant transgenic crop cultivars. Perhaps the simplest to implement is the expression of a nematode toxin
gene under the control of a constitutive promoter. As
mentioned, this type of strategy has been used to design
plants carrying the BT gene that are resistant to insect
pests (Barton el al., 1987). If a suitable toxin gene could
be identified, this same approach might be used to make
nematicidal plants. Unfortunately, very few proteln toxins that act specifically upon plant parasitic nematodes
have been indentified. A number of protein toxins
known to be active against vertebrates also act upon
nematodes (Opperman, unpubl.) but are undesirable
due to the broad spectrum of activity they exhibit. Several invertebrate-specific toxins have been identified,
but they have not yet been tested against nematodes. For
example, the TxP-I toxin from female mites of the species Pyemotes lritici is extremely potent against a wide
range of insect species, causing immediate muscle paralysis upon exposure to very low dosages (Tomalski &
Miller, 1991). Nematode natural enemies may be a
source of similar types of toxin molecules. The fungal
endoparasite Nemaloetonus spp. secretes a nematoxic
substance during spore germination that causes rapid
paralysis and death of the nematode (Stirling, 1992).
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The predatory nematode Seinura injects a toxin into its
nematode prey, causing irnmobilization within seconds
(Stirling, 1992). Although the nature of these molecules
is unknown, they are potentiaUy useful in the design of
nematicidal transgenic plants. If the toxin is a peptide, it
would be possible to engineer it into plants to function in
a manner similar to BT-transformed plants. Other fungal and bacterial antagonists are known to produce toxic
substances to nematodes, but very little information is
available on the composition of these compounds.
A different approach to designing nematicidal plants
is to transform plants with nematode genes that may
disrupt development if expressed in the feeding cells.
For example, coUagenase is one possible molecule that
could be utilized ln this way. The nematode cuticle
serves as the structural exoskeleton of the organism, and
also forms the stylet (feeding apparatus) and the lining
of the esophagus and intestine (Bird & Bird, 1991) One
of the major structural components of the nematode
cuticle is collagen, a polymer unique to animal species. If
genes encoding nematode coUagenases could be isolated, they may be useful to design transgenic plants. The
expression of this gene should have no effects on plants,
which do not contain coUagen. If transgenic plants expressing coUagenase were active, the nematode might
have a difficult time overcoming the resistance. Any
mechanism to destroy collagenase would result ln disruption of normal molting. Likewise, alterations in nematode collagen molecular structure would have sirnilar
results. Ir is very unlikeiy that the nematode could quickly evolve resistance to this particular molecule.
One of the greatest advantages to these strategies is
that, theoretically, any nematode which feeds for a prolonged period upon ceUs containing the toxin moieties is
doomed. There are several disadvantages to this approach, however. The constitutive expression of any
" toxin " gene may place upon the pest population very
strong selective pressure for resistance. Secondly, peptide toxins useful in this approach typically are narrow in
their toxic spectra, as is the case with the BT toxins.
Another disadvantage of this approach is the negative
energy balance the host plant suffers when there is no
pest pressure. Finally, the global constitutive expression
of toxin genes guarantees that non-target species, including humans, will be exposed to the protein products.
Genetically engineered host resistance

Regulating expression of foreign genes conferring
pest resistance to particular target organs, or pest-induced expression, might overcome sorne of the disadvantages described above. Of the numerous molecular
studies of plant organ-specific expression, most have
focused upon tissues derived from the shoot meristem;
the organ-specific and light regulation of genes expressed in leaves, genes expressed during flower develFundam. appl. NemaLOI.
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opment, and genes encoding numerous seed storage
proteins (Benfey el al.) 1989). Very few root-specific
genes have been identified (Benfey & Chua, 1989). A
number of host genes induced during pathogen (primarily viral) infection have been identified. The proteins
encoded by these genes (Pathogen Related proteins)
include enzymes of known biological activities (chitinases, etc.) as weU as a number ofunknown functions (Metraux el al., 1989; Bowles, 1990). The promoters of
these organ-specific and pathogen-related genes have
been characterized and models emerging from such
studies are that cis-acting sequences regulating gene expression in higher plants are often composites of several
regions, acting as transcriptional enhancers or silencers.
Regulated transcription is a result of interaction between
these sequences with various nuclear DNA-binding
proteins and perhaps one another (Benfey el al., 1989).
Because gene expression patterns are affected by
root-knot and cyst nematode infection, it is possible to
isolate and characterize the promoters that control these
changes. These are many clifferent strategies to isolate
genes involved in nematode feeding site formation. Approaches based on differential gene expression between
healthy and infected roots, such as subtractive hybridization or differential screening of cDNA libraries, could
enable one to isolate up-regulated genes (Conkling el al.)
1990; Gurr el al., 1991). Other approaches, such as
biochemical analysis of giant cell proteins or development of feeding site specific antibodies, may also result
in identification of up-regulated or altered expression
patterns (Hussey, 1989). Approaches to identification
of down-regulated genes are somewhat more difficult to
devise. The combinatorial nature of plant gene promoters so far characterized suggests that nematode induction could be uncoupled from normal gene expression
control. This is a key factor in desigrung any pathogenspecific transgeruc resistant plant. Studies on induction
of defense related genes from other plant species may
also provide insight into pathogen induction and specificity.
There are at least three potential approaches to develop nematade resistant plants. As previously suggested in
this review, constitutive expression of a protein toxic to
nematodes is the simplest to implement but is the least
desirable. Constitutive expression will affect the energy
balance of the plant and toxin directed against nematodes will introduce selective pressures for mutation towards resistance to that taxin. This strategy could be
improved by using sequences conferring tissue-specific,
or even nematode-inducible expression of a protein taxic to nematodes. This approach has the advantage that
toxin production is bmited to particular tissues or the
tirnes of nematode infection but the selective pressures
for taxin-resistant nematodes remain. The most durable
and elegant method is based upon nematode-induced
expression of a protein toxic ta the giant ceUs, i.e., nematode-induced hypersensitivity. This third strategy is the
Vol. 17, n° 3 - 1994

most desirable of the three, in that selective pressure for
resistance is removed. For induced hypersensitivity to
be viable, the promoter must be very specific and the
action of the peptide taxin must remain confined to the
host ceUs expressing the toxin. ln addition, the ceUspecific taxin should not represent a health hazard for
human consumption. Molecules such as DNases,
RNases, or proteases could be utilized to perturb cellular
function necessary for root-knot nematade feeding site
initiation. A nematode attempting ta feed on ceUs carrying a nematode-inducible promoter fused to one of these
molecules would initiate gene expression resulting in the
death of the feeding site. Although this type of resistance
is engineered, it is not dissimilar to the natural hypersensitive response ta nematade parasites described previously.
Although an induced hypersensitivity approach has
not yet been applied to a plant parastic nematade or any
other plant pathogen, tills type of strategy has been utilized to produce transgenic tobacco plants exhibiting
male sterility (Mariaru el al. 1990). In these experiments, expression of a gene encoding an RNase (Earnase) was directed by a tapetal-specific promoter. Expression of the RNase gene in the tapetal ceUs resulted in
ceU death, abortion of pollen development, and consequently male sterility. Histochemical analysis of these
transgenic plants showed that the surrounding cells were
unaffected. If sufficiently restrictive promoter sequences
were available, similar approaches could be pursued for
root-knot and cyst nematode resistance. The complex
and rughly involved interaction between root-knot and
cyst nematades and their host plants suggests that it is
highly unlikely that a nematode can rapidly acquire resis tance in a situation in which the promoter element is
isolated from a host gene that normally responds to
nematode infection.
It is not reaclily apparent how such elegant strategies
could be applied to the migratory endoparasitic and ectoparasitic nematodes. For now, the less intimate relationships suggest that transgenic control for these species will have to rely upon the use of toxins directed
against the nematode. Future progress in understanding
the relationship of these nematode species ta the host
plant may suggest novel strategies that do not rely upon
such molecules for nematode management.
The TobRB7-root-knot nematode interaction
Work in our laboratories has centered on the interaction of root-knot nematodes with the tobacco root-specific gene, TabRE 7. Although growth and development
of roots are criticaUy important to the success of a plant
species, relatively bttle work on gene expression has
been reported. Part of the difficulty lies in a lack of easily
characterized functions that are specific to root tissues
and not other plant parts. Of the relatively few rootspecifie genes that have been isolated, TabRE7 may be
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the most extensively characterized (Conkling el al.,
1990; Yamamoto el al., 1990, 1991). The TobRB 7 gene
encodes a protein of 250 amino acids and has conserved
srructural domains with severa! membrane spanning
proteins (Yamamoto el al., 1990). In situ hybridization
studies have revealed that expression of TobRB7 is timited to the root meristematic and immature vascular cylinder regions (Yamamoto el al., 1991). The high level of
expression in these tissues coupled with the lack of expression in mature tissue suggests a developmental role
for the TobRB7 protein. In order to identify sequences
controlling the root-specific expression patterns, fusions
were made between a deletion series of the 5' flanking
region and the bacterial reporter gene, (3-glucuronidase
(GUS) 0efferson, 1987). The pattern of the GUS gene
expression driven by the full-length flanking sequence
was indistinguishable from that obtained by in situ hybridization. The deletion series experiments revealed
that cis-acting elements necessary for root-specific expression of TobRB7 are located between -636 and
-299 nucleotides from the site of transcription initiation
(Yamamoto el al., 1991). Significantly, ail gene expression was lost when the promoter was deleted to the
-299 position (Ll 0.3).
Root-knot nematode infection of transgenic tobacco
plants carrying the deletion-reporter consrructs demonstrated that TobRB7 is one of the plant genes that is
affected by nematode parasitism. By 4 days after infection, significant levels of GUS activity in and around
the developing feeding site were seen (Opperman el al.,
1994). As the root continues to grow, the tissue around
the root-knot nematode infection site matures. Although
TobRB7wouid not normally be expressed in this region,
during Meloidogyne development GUS is observed to
accumulate throughout the nematode life cycle. This
spatial and temporal shift in gene expression suggests
that nematode infection has caused significant alterations in the control of plant gene expression.
This is further demonstrated by results obtained with
the deletion series of cis-acting sequences. As indicated,
root-specific control regions are located bet\.veen 636
and 299 bases 5' of transcription initiation, and no expression is observed with deletions containing only the
Ll 0.3 region. Infection with Meloidogyne spp., however,
significantly alters this pattern. In those plants carrying
the Ll 0.3 construction, GUS accumulation was limited
ta the developing giant cells and appeared to be regulated by the nematode infection (Opperman el al.,
1994). Because the TobRB7 protein is predicted ta be
structural, it is likely that it is at or near the end of the
gene expression hierarchy during giant cell formation.
Therefore, it seems likely that expression of the rruncated Ll 0.3 consrruct during nematode infection is not a
direct interaction, but rather a result of the myriad cellular events that occur during pathogenesis. Further experiments have revealed that ail races and species of
Meloidogyne thus far examined induce expression of the
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Ll 0.3 reporter, but the tobacco cyst nematode, G. tabacum does not (Opperman el al., 1994). The apparent
specificity for induction by root-knot nematode is indicative of a somewhat different mechanism for giant cell
versus syncytia formation. Most significantly, the nematode responsive element of the TobRB7 promoter is not
the same as the root-specific element, and can be uncoupled (Opperman el al., 1994).
The identification of control elements such as the
Nematode Responsive Element of TobRB7 is a significant step in the move towards transgenic nematode
resistant crops. The ability to timit expression of foreign
gene sequences to the developing nematode feeding site
will allow the greatest flexibility and power in designing
control strategies. In addition, it will overcome many of
the problems associated with less specific consrructs. In
the future, plants carrying inducible hypersensitivity
cassettes may be designed that are resistant to ail species
of Meloidogyne. Indeed, preliminary results from our
laboratories suggest that this strategy will be successful
(Opperman & Conkling, unpubl.). As more information
is obtained regarding other genera of plant parasitic nematodes, new methods of multiple nematode resistance
wiJ] be possible. Of particu!ar significance is the concept
of using genes necessary in a normal susceptible interaction. The use of these types of sequences coupled to
proteins detrirnental to the nematode feeding site should
make it very difficult for resistance to the control strategy to occur. The ultimate durability oftransgenic nematode resistance may depend upon the specificity of the
regions controlling gene expression.
References

ABLE, P. P., NELSON, R. S., DE, S., HOFFMAN, N., ROGERS,
S. G., FRALEY, R. T. & SEACHEY, R. N. (1986). Delay of
disease development in rransgenic plants expressing the tobacco mosaic virus coat protein gene. Science, 232 : 738743
BARTON, K. A., WH1TELY, H. R. & YANG, N.-S. (1987).
Bacillus lhuringiensis D.-endotoxin expressed in rransgenic
Nicoliana tabacum provides resistance to lepidopterous insects. Pl. Physiol., 85 : 1103-1109.
SENFEY, P. N., REN, L. & CHUA, N.-H. (1989). The CaMV
35S enhancer contains at least two domains which can confer different developmental and tissue-specifie expression
patterns. EMBO J., 8 : 2195-2022.
SENFEY, P. N. & CHUA, N.-H. (1989). Regulated genes in
transgenic plants. Science, 244 : 174-181.
SIRD, A. F. & SIRD, J. (1991). The structure of nemawdes. 2nd
ed. San Diego, Academie Press, 316 p.
SOWLES, D. J. (1990). Defense related proteins in higher
plants. A. Rev. Biochem., 59: 873-907.
SOWLES, D.]., GURR, S. L SCOLLAN, C. & ATKINSON, H. J.
(1991). Local and systemic changes in plant gene expression following root infection by cyst nematodes. In: Smith,
C. J. (Ed.). BiochemisL/'Y and Molecular Biology of PlantFundam. appl. Nemawl.

Nemalode-induced plam gene expression

Pathogen ImeraC/ions. Oxford Science Publications: 225236.

tional lysozyme/chitinase. Proc. Il/n. Acad. Sci., USA, 86:
896-900.

CONKLING, M. A., CHENG, c.-L., YAMAMOTO, Y. T. &
GOODMAN, H. M. (1990). Isolation of transcriptionally regulated roor-specific genes from rabacco. Pl. Physiol., 93,
1203-121 [

NIEBEL, A., VAN DER EYCKEN, W., INZE, O., VAN MONTAGU, M. & GHEYSEN, G. (1992). Potato genes induced during Clobodera pallida infection. Nemalologica, 38: 426
[Abstr.].

COOK, R. & EVANS, K. (1987). Resistance and ralerance. In.'
Brown, R. H. & Kerry, B. R. (Eds). Pn'nciples and praclice of
nematode conlrol in crops. Sydney, Academic Press: 179232.

OPPERMAN, C. H., TAYLOR, C. G. & CONKLING, M. A.
(1994). Root-knot nematode directed expression of a plant
root-specifie gene. Science, 263 : 221-223.

ENDO, B. Y. (1971). Synmesis of nucleic acids at infection
sites of soybean roots parasitized by Helerodera glycines. PhyIOpalhology, 61: 395-399.

PERLAK, F. ]., FUCHS, R. L., DEAN, D. A., MCPHERSON, S.
L. & FISCHHOFF, D. A. (1991). Modification of me coding
sequence enhances plant expression of insect control protein
genes. Proc. nain. Acad. Sc., USA, 88 : 3324-3328.

FASSULIOTIS, G. (1979). Plant breeding for root-knot nematode resistance. In.' Lamberti, F. & Taylor, C. E. (Eds).
Rool-knol nemalodes (Meloidogyne species), syslemalics, biology, and comrol. London, Academie Press: 425-453.

RIGGS, R. D. & SCHNUTT, D. P. (1988). Complete characterization of a race scheme for Helerodera glycines. J. Nemalol.,
20 : 392-395.

FULTON, R. W. (1986). Practice and precautions in me use of
cross protection for plant virus disease control. A. Rev. PhyIOpalh., 24 : 67-8 [
GILBERT, J c. & MCGUlRE, D. C. (1956). Inheritance of
resistance ra severe root-knot from Meloidogyne incogniLa in
commercial type tomatoes. Proc. Am. HoT/. Soc., 68 : 437442.
GURR, S. ]., MCPHERSON, M. ]., SCOLLAN, c., ATKINSON,
H. J & BOWLES, D. J (1991). Gene expression in nematode-infected plant roots. Mol. Cen. Cenelics, 226 : 361-366.
HUANG, C. S. (1985). Formation, anaramy, and physiology of
giant cells induced by root-knot nematodes.ln.' Sasser,J N.
& Carter, C. C. (Eds). An advanced malise on Meloidogyne.
Vol. 1. Biology and comrol. Raleigh, North Carolina Stare
University Graphics : 155-164.
HUSSEY, R. S. (1989). Disease-inducing secretions of plantparasitic nematodes. Ann. Rev. Phyopalh., 27: 123-141.
JEFFERSON, R. A. (1987). Assaying chimeric genes in plants:
me GUS gene fusion system. Pl. molec. Biol. Replr, 5 : 387405.
JONES, M. G. K. (1981). Host cell responses to endoparasitic
nematode anack : Structure and function of giant cells and
syncytia. Ann. appl. Biol., 97 : 353-372.

SASSER, J N. (1980). Root-knot nematodes : A global menace
ra crop production. Pl. Dis., 64 : 36-41.
SASSER, J. N. & CARTER, C. C. (1985). Overview of me
International Meloidogyne project 1975-1984. In.' Sasser, J
N. & Carter, C. C. (Eds). An advanced lrealise on Meloidogyne. Vol. 1. Biology and comrol. Raleigh, North Carolina
State University Graphics: 19-24.
SASSER, J N. & FRECKlv\AN, D. W. (1987). A world perspective on nematology. In.' Dickson, D. W. & Veech, J (Eds).
Vistas in nematology. Hyansville, MD, USA, Soc. Nemaralogists Inc. : 7-14.
SCHMITT, D. P. & NOEL, G. R. (1984). Nematode parasites
of soybeans. In .' Nickle, W. R. (Ed). Plam and Insecl NemaIOdeS. New York, Marcel Dekker: 13-59.
SLANA, L. J & STAVELY, J R. (1981). Identification of me
chromosome carrying me factor for resisrance to Meloidogyne incogniLa in rabacco. J. Nemalol., 13 : 61-66.
STIRLING, G. R. (1991). Biological Conlrol of PianI ParasiLic
NemaLOdes. Wallingford, CAB International, 282 p.
TÜl'v\Al..sKJ, M. D. & MILLER, L. K. (1991). Insect paralysis
by baculovirus-mediated expression of a mite neurotoxin
gene. Nature, 352 : 82-85.

JONES, M. G. K. & NORTHCOTE, D. H. (1972). Nematodeinduced syncytium-a multinucleate transfer cell. J. CeU Sci.,
10: 789-809.

VAN DER EYCKEN, W., NIE BEL, A., INZE, D., VAN MONTAGU, M. & GHEYSEN, G. (1992). Molecular analysis of the
interaction bet\veen Meloidogyne incogniLa and tomato. NemalOlogica, 38 : 441 [Abstr.].

KJRALY, Z. (1980). Defenses triggered by the invader: hypersensitivity. In.' Horsfall, J. G. & Cowling, E. B. (Eds).
Plam disease-An advanced Irealise. New York, Aeademic
Press: 201-224.

WIGGERS, R. ]., STARR, J c. & PRlCE, H. J (1990). DNA
content and variation in chromosome number in plant cells
affeered by the parasitic nematodes Meloidogyne incogniLa
and M. arenaria. Phylopalhology, 80: 1391-1395.

lv1ARJ.ANI, c., DE BEUCKELEER, M., TRUETTNER, ]., LEEMANS, J & GOLDBERG, R. B. (1990). Induction of male
sterility in plants by a chirneric ribonuclease gene. Nature,
347: 737-741.

YAMAMOTO, Y. T., CHENG, c.-L. & CONKLING, M. A.
(1990). Root-specific genes from tobaeco and Arabidopsis
homologous to an evolutionarily conserved gene family of
membrane channel proteins. Nucleic Acids Res., 18: 7449.

METRAUX, J P., 8URKHART, W., i\10YER, M., DINCHER, S.,
MIDDLESTEADT, W., Wl.LLlAMS, S., PAYNE, G., CARNES,
M. & RYALs,J (1989). Isolation ofa complementary DNA
encoding a ehitinase wim structural homology to a bifunc-

YAMAlv\OTO, Y. T., TAYLOR, c., ACEDO, G. N., CHENG,
c.-L. & CONKLtNG, M. A. (1991). Characterization of cisacting sequences regulating root-specific gene expression in
robacco. The Plam CeU, 3: 371-382.

Vol. 17, n° 3 - 1994

217

