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Root-Knot Nematode-Directed Expression 
of a Plant Root-Specific Gene 

Charles H. Opperman, Christopher G. Taylor, Mark A. Conkling* 
Root-knot nematodes are obligate plant parasites that induce development of an elaborate 
feeding site during root infection. Feeding-site formation results from a complex interaction 
between the pathogen and the host plant in which the nematode alters patterns of plant 
gene expression within the cells destined to become the feeding site. Expression of 
TobRB7, a gene expressed only in tobacco roots, is induced during feeding site devel- 
opment. The cis-acting sequences that mediite induction by the nematode are separate 
from those that control normal root-specific expression. Reporter transgenes driven by the 
nematode-responsive promoter sequences exhibit expression exclusively in the devel- 
oping feeding site. 

Plant parasitic nematodes are among the 
most devastating pathogens of the world's 
food crops, causing an estimated $77 billion 
in food and fiber crop losses in 1987. The 
majority of this loss is caused by the root- 
knot nematodes (Meloidogyne spp.) (1 ). 
Root-knot nematodes are obligate seden- 
tary endoparasites with a complex and in- 
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timate relationship with their host plants. 
The nematodes have a host range exceed- 
ing 2000 plant species (2). The primary 
symptom of root-knot nematode infection 
is the formation of enlarged galls on roots of 
susceptible host plants. Nutrient and water 
uptake are substantially reduced because of 
the damaged root system, resulting in weak 
and poor-yielding plants. 

Nematode growth and reproduction de- 
pend on establishment of modified feeding 
sites within the plant root. The infective 
second-stage juvenile nematode (J2) moves 
freely through the soil. The J2  penetrates the 
root intercellularly in the region just posterior 
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to the root cap and migrates to the developing 
vascular cylinder. The nematode then injects 
esophageal-gland secretions into the proto- 
phloem cells surrounding its head, resulting in 
the development of specialized multinucleate 
feeding cells called giant cells (3). The giant 
cells, acting as nutrient sinks (4), function as 
a permanent feeding site for the nematode 
(5). The five to seven giant cells associated 
with each developing nematode undergo rap- 
id nuclear divisions without cytokinesis, re- 
sulting in multiple enlarged lobed nuclei. 
Increased numbers of cell organelles and pro- 
toplastids are observed, and the cells are 
metabolically highly active (6). A character- 
istic feature of giant cells is the elaborate 
network of membranous cell wall ingrowths, 
typical of transfer cells (7). These cell wall 
ingrowths increase surface area of the associ- 
ated membrane and facilitate the import of 
elaborated photosynthates, minerals, and oth- 
er metabolites on which the nematode feeds. 
During establishment of the giant cells, the 
nematode loses the ability to move and en- 
larges from the normal eel-shaped J2 to be- 
come a pear-shaped adult female. As the 
nematode feeds, reproduction results in the 
deposition of 300 to 1000 eggs. 

The genetic mechanisms controlling for- 
mation of the nematode feeding site are poor- 
ly understood. Many plant genes in both 
resistant and susceptible hosts are believed to 
be either induced or altered in their expres- 
sion during nematode infection (7-9). For 
example, the expression of genes encocGng 
structural proteins or constitutive enzymes 
may be enhanced to accommodate the in- 
creased cellular metabolism occurring during 
nematode mfection. No genes encoding pro- 
teins with known functions have been isolat- 
ed or characterized. One gene expressed in 
response to parasitism by the potato cyst 
nematode, Globodera mstochKnsis, has been 
isolated from potato, but its role in feeding 
site formation remains unknown (10). Here 
we report the effects of root-knot nematode 
mfection on expression of a root-specific gene 
product of known function and on the iden- 
tification of the cis-acting sequences respon- 
sive to nematode infection. 

The tobacco root-specific gene, TobRB7, 
encodes a protein (pRB7) that is a member of 
a f a d y  of membrane proteins believed to 
function as membrane channels (I 1). A num- 
ber of these proteins have been shown to 
function as water channels when expressed in 
Xmopus oocytes (12). The protein pRB7 can 
function as a water channel but does not 
transport ions, sugars, or charged amino acids 
(13). In situ hybridization to root sections 
revealed that the gene is expressed at high 
levels in root meristematic and immature 
vascular cylinder regions (1 4). To define the 
cis-acting sequences responsible for root-spe- 
cific expression of TobRB7, we constructed 
fusion genes with various 5' flanking regions 

and p-glucuronidase (GUS) (1 5). Cis-acting 
sequences necessary for root-specific expres- 
sion of the reporter reside within its 5' flank- 
ing region, between 299 and 636 nucleotides 
5' of the site of transcription initiation (14). 
The tissue-specific profile of the GUS re- 
porter gene expression correlates with those 
observed by in situ hybridizations, implying 
that GUS activity profiles are accurate re- 
porters of TobRB7 gene expression. 

Root-knot nematodes are thought to af- 
fect expression of numerous plant genes. 
The properties of pRB7 correlate with func- 
tions expected in giant cells. To determine 
whether TobRB7 is expressed in giant cells, 

we inoculated transgenic tobacco plants car- 
rying TobRB7-reporter constructs (1 4) with 
species of Meloidogyne (Table 1). The infect- 
ed roots were examined for GUS activity 
and nematode development beginning 24 
hours after inoculation and continuing to 40 
days postinoculation. By 4 days postinocula- 
tion, significant GUS activity in and around 
the nematode feeding site was observed (Fig. 
1). The root continues to grow after infec- 
tion such that a feeding site initiated in 
immature root tissues is found later in the 
fully developed vascular system, a region in 
which TobRB7 is not normally expressed 
(1 4). Root-knot nematode-infected roots 

Rg. 1. Alteration of TobRB7 expression patterns by root-knot nematode ( M e l o i w  incognita) 
infection. (A) Normal expression of TobRB7 in an uninfected root. Adapted from (14) with permission 
from the American Society of Plant Physiologists. (B through D) Tobacco tissue after infection with 
root-knot nematodes. Transgenic tobacco was infected with freshiy hatched (<24 hours old) infective 
juveniles. For experiments on agar plates, approximately 1000 surface-sterilized J2 per plant were 
pipetted along the roots. For experiments in soil, 5000 J2 per plant were used in a sterile 2:l sand:soil 
mixture. Nematodes wlhin roots were stained red with acid fuchsin in glacial acetic acid:ethanol (1 :1) 
and then destained in saturated chloral hydrate. GUS activity was visualized as a blue reaction by 
incubation in 5-bromo-4-chloro-3-indoiyl-~-glucuronic acid (X-Gluc). We observed GUS activity 
around the parasitizing nematodes as early as 4 days after inoculation (6). (C) Optical section with a 
developing root-knot nematode J2 within the root 12 days after inoculation. By this point in the infection 
cycle, GUS is not detected in uninfected portions of the root vascular tissue at similar anatomical 
locations. (D) Three adult female nematodes 35 days after inoculation. The characteristic root gall has 
formed by cortical cell hyperplasia, and the swollen female nematodes have ruptured through the root 
surface to begin egg deposition. The root tissue surrounding the nematode infection has fully matured, 
yet GUS activity has continued in and around the feeding sites. Scale bars: (A), 8 pm; (B), 80 pm; (C), 
20 pm; (D), 1.4 mm. 

TobRB7-5A 
b GUS Activity - Rwts Giant cells 

Fig. 2. Expression analysis of the 
TobRB7 5' deletion series fused 
to GUS. The structure of the gene 
and the repeats in the promoter 
region have been described (14). 
Expression in infected and unin- 
fected plants is summarized. Ex- 
pression in leaves or other tissues 
has never been observed. 
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exhibit sigdcantly different GUS activity 
patterns than do uninfected roots, the most 
striking of which is a temporal shift in GUS 
staining patterns. Normally, GUS expression 
is limited to cells in the elongation region of 
the roots. During nematode infection and 
development, GUS accumulates continuous- 
ly in the giant cells over the entire 40day 
period, even though they become surrounded 
by mature differentiated vascular tissue. 

The cis-acting sequences necessary for 
root-specific expression are located between 
299 and 636 bases 5' of the initiation of 
transcription. No expression of the GUS re- 
porter gene was observed in deletions contain- 
ing only 299 bases of 5' fladung sequence 
(A0.3) (14). To delineate the TobRB7 cis- 

Table 1. Induction of A0.3 TobRB7-GUS by 
root-knot nematodes. 

dent Nematode species Induc- trans- 
host race* formants 

Meloidogyne arenaria 
Race 1 Yes > 25 

Meloidogyne incognita 
Race 1 Yes > 25 
Race 2 NTt 0 
Race 3 Yes 5 
Race 4 Yes >25 

Meloidogyne javanica Yes 5 
Globodera tabacum No 5 

'Nematode host races were determined by host pref- 
erence tests (2) and species identities confirmed by 
isozyme analysis. tNT, not tested. 

acting sequences responding to nematode in- 
fection, we inoculated numerous independent 
transgenic plants carrying the various 5' dele- 
tions of the TobRB7 5' flankmg region fused 
to GUS. Meloldogyne armaria infection result- 
ed in GUS expression in giant cells of all 
TobRB7 transgenic plants, including those 
with the A0.3 constructs (Fig. 2). No GUS 
expression was observed in transgenic plants 
(pBI) carrying the promoterless GUS gene 
from the Agrobactererium-binary plasmid vec- 
tor pBI 101 (15). In the A0.3 constructs, 
GUS activity appeared to be limited to the 
giant cells (Fig. 3 and Table 1). A similar 
expression pattern is seen in transgenic potato 
carrying the A0.3 wnstruct (16). 

Expression of the TobRB7-GUS trans- 
gene is not induced by high NaCl concen- 
trations (up to 0.4 M), plant hormones 
(cytokinins and auxins), or wounding (1 7). 
The tobacco cyst nematode, Globodera 
tabacum. which also induces s~ecialized 
feeding sites, does not induce expression of 
TobRB7-GUS (Table 1). The feeding sites 
of root-knot and cyst nematodes have some 
morphological similarities but are thought 
to be induced bv a different mechanism (7). . , 
Our results support the concept that the 
feeding sites of cyst nematodes are distinct 
from those of Meloidogyne. 

Cis-acting sequences regulating eukaryotic 
gene expression are frequently combinatorial 
(18). In evolving molecular mechanisms to 
establish feedine sites. the root-knot nema- 
tode has recruited pk&t genes to be expressed 
in specific spatial, developmental, and tem- 
poral patterns and, in the case of TobRB7, has 

Fig. 3. Root-knot nematode-in- 
duced expression of GUS in the 
giant cells controlled by the 60.3 
TobRB7promoter. GUS activity in 
plants carrying the A0.3 promoter 
was detectable only at the nema- 
tode feeding site. (A) Adult M. 
arenaria female in a root 35 days 
after inoculation. GUS activity was 
restricted to the central area of 
the infection site. (6) Section (40 
pm) of developing M. incognita 
giant cells (12 days postinocula- 
tion) in a A0.3 TobRB7-GUS 
transformed plant. The nematode 
(rkn) has its head surrounded by 
two multinucleate (n) giant cells 
(gc). GUS activity is observed 
only in the giant cells. Scale bars: 
(A), 1.2 mm; (B), 20 pm. 

circumvented the requirement for cis-acting 
sequences located between nucleotides 636 
and 299 5' of the initiation of transcription. It 
remains unclear whether this involves direct 
interaction of the nematode's glandular secre- 
tions with the TobRB7 promoter or (as we 
believe more likely) indirect interactions in 
the developmental cascade. In any case, the 
normal pattern of TobRB7 gene expression 
has been unwupled from pathogen-induced 
gene expression. The function of pRB7 at 
feeding sites is unknown, although it may 
help maintain osmotic regulation. 

The truncated TobRB7 promoter has 
great potential in the design of genetically 
engineered crop plants with generalized re- 
sistance to root-knot nematodes. Directed 
expression of foreign genes precisely in spe- 
cialized cells induced by the root-knot nem- 
atode infection (giant cells in the develop- 
ing vascular cylinder) may overcome many 
disadvantages of previously described pest- 
control strategies (2). 
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