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Root-knot and cyst nematodes are obligate plant parasites
that induce complex biotrophic feeding structures in host
roots. The mechanisms by which nematodes regulate host
gene expression to produce feeding sites are unknown. The
cauliflower mosaic virus (CaMV) 35S promoter has been
reported to be repressed strongly in the feeding sites of
both root-knot and cyst nematodes. In contrast, other
work hasindicated that this promoter is partially activein
some feeding sites. Considering the importance of the 35S
promoter in biotechnology, we have defined the nematode-
responsive nature of this promoter in more detail. Trans-
genic tobacco harboring various 35S-uidA constructs was
assayed for B-glucuronidase (GUS) activity after infection
by root-knot nematodes (Meloidogyne incognita) and cyst
nematodes (Globodera tabacum subsp. tabacum). The en-
tire 35S promoter (—343 to +8) was active in giant cells in-

sites develop differently for the two nematode groups (Jones
1981; Sijmons et al. 1994a). Root-knot nematodes induce the
formation of a variable number of discrete, multinucleate “giant
cells” that develop by repeated mitosis without cytokinesis. The
giant cell complexes are surrounded by gall tissue that is derived
largely from the root cortex. In contrast, cyst nematodes induce
a single, large, multinucleate syncytium that develops without
mitosis by cell expansion and the incorporation of adjacent plant
cells by cell wall degradation. There is no galling associated
with syncytia. Despite these differences in development, both
giant cells and syncytia are metabolically very active, and
have dense granular cytoplasm, abundant mitochondria and
endoplasmic reticulum, small vacuoles, and enlarged amoe-
boid nuclei (Jones 1981).

It has long been suspected that host genes play an active
role in the development of NFS and that these structures

duced byM. incognita and, to a lesser extent, the syncytia
of G. tabacum subsp.tabacum. In the latter case, activity
decreased as the feeding sites matured. Subdomains of the
35S promoter were also active in feeding sites, particularly
B4 and B5 in giant cells. However, subdomain B3 was
strongly down-regulated in gall tissue and syncytia. In to-
tal, 14 constructs were studied and nematode-responsive
expression was always stronger and more consistent with
the root-knot nematode than the cyst nematode.

might be unusual or unique in terms of their overall patterns
of gene expression (Burrows 1992; Sijmons et al. 1994a).
However, little is known about the spectrum of genes ex-
pressed in giant cells and syncytia and how nematodes man-
age to orchestrate the changes. Recently, research has focused
on the identification and characterization of promoters that
respond to feeding site initiation and development. Studies
with transgenic plants containing various promaoi€A (gus-

A) fusions have shown that, in addition to promoters that up-
regulate genes in response to nematode challenge (Cramer

1992; Goddijn et al. 1993; Opperman et al. 1994.), a humber

Plant-parasitic nematodes are a diverse group of microscopic, are also turned off or down-regulated in and around the NFS
semitransparent “worms” that feed on living plant cells. Many  (Goddijn et al 1993). This nematode-responsive repression is
species are significant agricultural pests and cause large croparticularly striking because it extends beyond plant promot-
losses (Sasser and Freckman 1987). Two of the most economiers to those of bacterial and viral origin, suchighgoromoters
cally damaging groups are the root-knot nematobieio{do- from Agrobacterium rhizogenes and the cauliflower mosaic
gyne spp.) and the cyst nematodéteterodera and Globodera virus (CaMV) 35S gene promoter, which normally direct high
spp.); both groups are highly specialized parasites that inducdevels of expression in roots and elsewhere.
and maintain complex feeding sites in host roots. These nema- The CaMV 35S promoter is one of the best-studied plant
tode feeding sites (NFS) have transfer cell-like properties andpromoters. It was divided into six domains (the A domain and
are the only source of nutrients for the nematodes. The feedindive B domains) by Benfey et al. (1990a, 1990b) and the ac-
tivity of a number of derivatives of the promoter was studied.
Binding sites for two transcription factors have been well
characterized and at least two other factors probably interact
with the promoter (Lam and Chua 1990). The 35S promoter
seems to consist of multiptes elements, some of which are
synergistic and developmentally regulated (Benfey et al
1990a, 1990b). The promoter is very active in most plant tis-
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sues and is, perhaps, the most widely used promoter for the to +8) and constructs based on the five B subdomains, were
expression of transgenes in plants. Despite the strong examined. This is the most detailed analysis of a nematode-
“constitutive” nature of the 35S promoter it has been reported responsive promoter yet reported and has implications for our
that it is strongly silenced in a high proportion of nematode- understanding of the changes in gene expression upon nema-
induced giant cells and syncytial feeding sites. (Goddijn.et al tode infection and for those seeking to engineer nematode re-
1993; Sijmons et al1994b). Due to the importance of this sistance by molecular genetic methods.

promoter in plant biotechnology and as part of a longer term

study into the ability of sedentary nematodes to control hostresyLTS

gene expression, we report here on the further characterization

of the response of the 35S promoter to nematode infection. A Expression of theidA gene in tobacco driven by the various
total of 14 constructs, including the entire 35S promoter (—343 combinations of the 35S promoter A and B domains (Fig. 1) has

Bdomain A domain
35S(-343t0+8) | B5 | B4 | B3 | B2 [B1h | [TATAH Uid-Al
-343 -301 -208 -85  -108 -90-72 -46 +8
B+(-72) [B5 | B4 | B3 | B2 [B1f [TATA Uid-Al
-72

A (-90) domain [T [TATAH{ UidA)
-90

-46 (TATA) [TATAF{ Uid-A]
-46

B subdomains attached to the minimal -46 (TATA)domain

4xB1+(-46) (B1]|B1{B1|B1{TATA}|—{ Uid-4|

-46 +8
4xB2+(-46) | B2 | B2 | B2 | B2 HTATA[ Uid-A|
4xB3+(-46) [ B T B3 | B3 |.46 B3 HTATAF Uid-A|
-46
4xB4+(-46) | B4 | B4 | B4 | B4  HTATA Uid-A|
4xB5+(-46) | B5 | B5 | B5 | B5 HTATA Uid-4| ®
-46
B subdomains attached to the A domain
4xB1+A (B1|B1[B1]|B1H | [TATAF vid-A]
-90-72 -46  +8
4xB2+A (B2 B2 B2 B2 H] [TATAH Ui-A]
4xB3+A [ B | B3 | B3 igo B3 H| [TATA Uid-Al
-90
4xB4+A [ B4 | B4 [ B4 | B4 HI ITATAH vid-A|
4xB5+A | B5 | B5 [ B5 | B5 Eol [TATA Uid-Al -

Fig. 1. 35S promoter and subdomain constructs analyzed for nematode-responsive expression.
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aready been described in detail (Benfey et al. 1989, 1990a, 35S (-343 to +8) promoter.

1990b). In the current investigation, background expression The entire 35S (—343 to +8) promoter gave strooglA ex-
patterns observed in the roots of uninfected (control) plants pression throughout the roots but it became weaker and more
were essentially the same as described previously but there patchy in older regions. GUS staining could be seen clearly in
were a few minor differences. Nearly all of these were incon- a proportion of the galls and giant cell complexeMefoido-
sistent and varied between independent transformants. How- gyne incognita and the syncytial feeding sites inducedGy

ever, the most consistent deviation from the described pattern tabacum subsp.tabacum (Fig. 2A and B). In some cases,

was with the A (-90) domain. Benfey et al. (1990b) reported where the background expression in the root was weak, stronger
that the A domain alone gafeglucuronidase (GUS) activity = expression was seen in the galls and giant cells (Fig. 2A). In
in the meristematic and cortex regions of the root tips, but in these instances the 35S promoter appeared to be up-regulated by
the four lines examined here there was no reproducible activ-M. incognita relative to local background expression.

ity in roots with this construct. This could be explained by the  One of the most striking initial observations for this and
different growth conditions employed, agar medium (Benfey) other constructs was that only a proportion of the feeding sites
vs soil (this study) or the different relative ages of the plants atin any one root system showed GUS activity. The relative
the time of observation. In general, the expression patternsproportion of feeding sites associated with up- or down-
observed in roots, whether infected by nematodes or not, wergegulation ofuidA differed greatly between the different con-
stronger in younger tissues and, for some constructs, e.g.structs and the two nematode species used (Table 1). For ex-
4xB1+A and 4xB4+A, expression in older tissues was weak ample, with the entire 35S promoter construct 909 ofn-

or absent. Of the 14 constructs examined (Fig. 1), eightcognita feeding sites examined showed GUS activity
showed no GUS expression in either infected or uninfected compared with only 27% fo®. tabacum subsp.tabacum. In

roots (Table 1). the case of the cyst nemato@@ tabacum subsp.tabacum)
there was an obvious tendency toward greater silencing of
Nematode-responsive domains. uidA expression as the feeding sites became more mature

NFS in each root system were scored for presence or ab{Fig. 2B).
sence of GUS activity (Table 1). The scoring criterion used to
assess activity of the constructs was frequency of GUS activ-B domain + (-72).
ity in NFS, i.e., the proportion of GUS-positive feeding sites  This promoter is similar in sequence to the entire 35S (—343
in a single root system, rather than comparative intensity ofto +8) promoter (Fig. 1) but, significantly, it lacks the1
GUS staining. This was taken to be a direct indication of the binding site considered necessary for efficient root expression
potential for the various 35S elements to respond to nema-(Lam et al. 1989). Nevertheless, this construct still resulted in
todes. The greater the frequency of blue feeding sites, theGUS activity in roots but the activity was weaker and more
more nematode responsive the construct. No attempt waserratic than with the entire 35S promoter. The nematode-
made to quantify GUS expression precisely but, by eye, mostresponsive nature of B+(—72) is similar to the pattern of the
lines showed comparable intensity of GUS staining. The few entire 35S activity in syncytia but results in fewer giant cells
cases in which lines showed obvious “strong” or “weak” ex- showing GUS activity: 63% for B+(—72) compared with 90%
pression relative to each other were noted. for the entire 35S promoter (Table 1).

Table 1. Number of nematode feeding sites (NFS) showing uidA expression driven by the 35S promoter and its subdomain

Meloidogyne incognita: Giant cell complexes Globodera tabacum subsp. tabacum: Syncytia

GUS(+) GUS(-) Total sites GUS (+) GUS (+) GUS (-) Total sites GUS (+)
Construct Control" NFS’ NFS¥ observed NFS (%) NFS’ NFSY observed NFS (%)
35S (—343 to +8) CSA 90 10 100 90 65 175 240 27
B+(-72) (noas-1) CSA 74 44 118 63 42 85 127 33
—46 (TATAY ..
A (-90) domai#
4xB1+(—46Y
AXB2+(-46Y
4xB3+(—46)
AXB4+(—46Y
4xB5+(—46)
4xB1+A Sa 112 104 216 52 0 44 44 0
4AxB2+AY
4xB3+A CSa 99 63* 162 61 2 64 66 3
4xB4+A sa 253 33 286 88 14 122 136 10
4xB5+A sa 298 2 300 99 12 69 81 15

Y Expression observed in uninfected roots. C = cortex, S = stele, A = root apex. Letters in bold uppercase indicate stralhy cessetent expres-
sion; uppercase letters indicate less strong and/or inconsistent expression; lowercase letters indicate erratic andfessieak exp

Y Number of NFS showinf-glucuronidase (GUS) activity.

“Number of NFS showing no GUS activity.

* GUS expression down-regulated against the local background (pale feeding sites in blue roots).

Y No GUS expression in roots of infected or uninfected plants.

Z GUS expression down-regulated in all galls examined.
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4AxXB1+A.

Plants harboring the 4xB1+A construct expressed GUS in a
small proportion of root tips and inconsistently in the stele. In
whole-mount root segments approximately 50% of the feeding
sites induced by M. incognita showed GUS activity associated
with the central giant cell complex. No staining was seen in
any of the galls examined. Cryo-sections revealed the GUS
staining to be localized immediately around the giant cells and
attendant nematodes with little activity inside the giant cells
themselves (Fig. 2C). In contrast, there was no uidA expres-
sion in or around any of the syncytial feeding sites examined.
In roots where GUS activity in the stele was evident, down-
regulation of GUS could be seen where the stele ran close to
any syncytial feeding sites.

4xB3+A.

Uninfected roots showed GUS staining in the root cortex
and in a proportion of root tips. Expression was also evident
within the central stele of the roots. However, upon infection
with M. incognita there was no GUS activity in the gall tissue
and adjacent areas of root (Fig. 2D). In these areas, UidA ex-
pression was strongly down-regulated against the local back-
ground. This demonstrates that the regulatory influence of the
nematode extends beyond the immediate feeding cells. Ex-
pression of uidA in association with the giant cells themselves
was inconsistent but the majority (61%) showed at least some
GUS staining (Table 1). Cryo-sections confirmed that the
GUS activity originated inside as well as immediately around
the giant cells (Fig. 2E).

Unlike the giant cell complexes that showed some GUS ac-
tivity, the syncytia feeding sites induced by G. tabacum
subsp. tabacum showed virtually no GUS staining (Table 1).
Again, marked repression of 4xB3+A was evident in the cor-
tex cells around and adjacent to the feeding sites (Fig. 2F).
This down-regulation of uidA was evident early in the infec-
tion process (approximately 4 to 6 days post infection) and
became stronger as the feeding sites matured.

4xB4+A.

4xB4+A resulted in little background expression in roots
but some GUS staining could be seen occasionally in the stele
and a small proportion of root tips. Upon infection with M.
incognita, 88% of the feeding sites showed strong GUS activ-
ity in and immediately around the giant cells (confirmed by
cryo-sectioning). This was particularly marked because of the
otherwise largely unstained root background (Fig. 2G). No

<

expression was observed in the bulk of the gall tissue. GUS
activity was aso observed in the syncytia feeding sites of G.
tabacum subsp. tabacum (Fig. 2H) but this was weaker and
much less frequent (10% of syncytia) than in giant cells.

4xB5+A.

Background GUS expression driven by the 4xB5+A con-
struct was similar to that described for 4xB4+A. However, the
response of 4xB5+A to infection by M. incognita was striking,
with 298 feeding sites out of 300 observed showing strong
GUS activity inside the giant cells and cells immediately ad-
jacent (Fig. 2 and J). No expression was seen in gall tissue.
The response of 4xB5+A to G. tabacum subsp. tabacum was
considerably less than with M. incognita. Only 15% of the
syncytia showed GUS activity and in these uidA expression
was apparently confined to the syncytium aone.

Nematode-responsive changesin root tip expression.

Uninfected plants harboring the constructs 4xB1+A,
4xB4+A, or 4xB5+A showed a low frequency of background
GUS activity in root tips (Fig. 3). However, upon infection
with nematodes the frequency of GUS activity in root tips in-
creased significantly, even in roots distant from nematode in-
fection/feeding sites. This effect was more marked after in-
fection by G. tabacum subsp. tabacum than by M. incognita,
especidly in the case of the construct 4xB5+A, which in-
creased from 1.3% of root tips showing GUS activity in unin-
fected plants to 42.8% GUS positive after infection.

DISCUSSION

The activity of the CaMV 35S (—343 to +8) promoter and
various combinations of its subdomains has been analyzed in
roots infected with a cyst and a root-knot nematode species.
The results demonstrate a mixture of activities of the promoter
constructs in association with NFS, ranging from strong and
consistent GUS activity (4xB5+A witM. incognita) to ap-
parent near total silencing (4xB3+A with. tabacum subsp.
tabacum). This work is timely because it serves to clarify the
conflicting published and anecdotal reports regarding the
nematode-responsive nature of this important promoter. God-
dijn et al. (1993) and Sijmons et §994b) reported the 35S
promoter inArabidopsis thaliana was strongly silenced in the
feeding sites of both cyst and root-knot nematodes. Since the
35S promoter is used widely in biotechnology this observation
has great relevance to those attempting to engineer nematode

Fig. 2. Histochemical staining for B-glucuronidase (GUS) activity in transgenic tobacco roots infected with cyst and root-knot nematodes. A and B, To-
bacco line harboring the entire 35S (—343 to +8)uidA construct infected witi{A) Meloidogyne incognita or (B) Globodera tabacum subsptabacum. A,
The root section illustrated shows little background GUS activity but staining is evident associated with the feeding) $itésded byM. incognita.

B, The syncytial feeding site (sy) induced by the mature swollen female@)tabacum subsp tabacum shows down-regulation of GUS activity rela-
tive to root background. In contrast, the feeding site of the immature nematode (n) is associated with little or no ddion-rég@eyo-section of
GUS-stained feeding site induced My incognita in a 4xB1+AuidA tobacco line. GUS activity is predominantly around the central giant cells(gc).
and E, 4xB3+A-uidA construct in tobacco roots infected with incognita. D, Nematode feeding sites show pronounced down-regulatioidafex-
pression but GUS activity was sometimes still evident in the central giant Eellsyo-sectioning confirmed that GUS activity was predominantly
within the nematode-induced giant cefs4xB3+A-uidA construct in tobacco roots infected withtabacum subsptabacum. Down-regulation of GUS
activity in and around the syncytial feeding site of the mature swollen fe@aed H, 4xB4+A-uidA construct in tobacco roots infected wi{fB) M.
incognita and(H) G. tabacum subsptabacum. GUS activity can be seen in and immediately around the giant cells indubédrmpgnita and the syn-
cytium induced byG. tabacum subsp.tabacum. Only a small proportion of syncytia show this up-regulatioand J, Tobacco line harboring the
4xB5+A-uidA construct infected witt. incognita. |, GUS staining associated with the central giant cé|I€onfirmed by cryo-sectioning. Scale bars
on plates, approximately, D, and | =1 mm;B, F, G, and H = 500 um;J = 200 um;C and E = 100 pm.
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resistance in transgenic plants (e.g., Atkinson et al. 1995; Bur-
rows and de Waele 1997). In contrast to Goddijn et a. (1993),
other investigators have not found strong down-regulation of
the 35S promoter. Early indications that this promoter proba
bly has at least some activity in NFS is provided by the obser-
vation that certain proteinase inhibitors driven by the 35S
promoter in transgenic roots conferred enhanced levels of re-
sistance to M. incognita and G. pallida (Atkinson et al. 1995).
Recently, more direct evidence has come from a study by Ur-
win et a. (1997), who used a gfp marker gene to show clear
activity of the 35S promoter in the syncytial feeding sites of
Heterodera schachtii in A. thaliana.
The results obtained here with a —343 to +8 35S construct

1989), is considered necessary for efficient expression of
genes in roots and, importantly, several promoters that are ac-
tive in syncytia conspicuously lack ag1 site (Sijmons et al.
1994b). The implication was thas-1 is involved in a nega-
tive regulatory capacity to repress the promoter in feeding
sites. However, replacement or mutationasfl in the 35S
promoter did not release it from down-regulation and it was
concluded that repression in feeding sites could not be attrib-
uted toas-1 (Sijmons et al 1994b). Our results with the
B+(-72) construct, which lacks ttes-1 site, shed new light

on the possible involvement a5-1 and provide circumstan-
tial evidence that thes-1 site could, after all, act as a weak
negative regulating element within syncytial feeding sites.

demonstrated unequivocally that the 35S promoter is active inCompared with the entire 35S construct, B+(-72) leads to a
feeding sites, but considerably more so in the giant cells in-decrease in the frequency of GUS activity in giant cells that is
duced byM. incognita than in the syncytia o6. tabacum roughly proportional to the decrease in background activity in
subsp.tabacum. Indeed, there was even an indication of up- whole roots, but it has no effect on syncytial expression; there
regulation of the 35S promoter relative to local root back- might even be a slight increase (Table 1). In other words, de-
ground in association witthM. incognita feeding sites, al- leting 18 base pairs (—73 to —90) containing most ofaghe
though this may be due to the increased metabolic activity andsite leads to a proportional increase (relative to root back-
cytoplasmic density in these areas. Although s@néaba- ground) in the frequency afidA expression in syncytia. Re-
cum subsp tabacum syncytia showed expression @wtlA this evaluation of the data provided by Sijmons et al. (1994b) adds
was in only approximately 30% of the feeding sites examined. further independent evidence in support of this hypothesis;
In the remaining 70% the 35S promoter was inactive (or at replacement or mutation @s-1 from a 35S construct iA.
least below the threshold of detection) against the local back-thaliana increased the frequency of GUS activity in syncytia
ground. Furthermore, in agreement with Urwin et al. (1997), from 5 to 20%. Clearly, more work is needed to determine if
there was a marked tendency for decreasing activity of thethis effect is repeatable and whether it is related specifically to
35S promoter in syncytia as the feeding sites mature. the removal ofs-1.

It is possible to hypothesize that the 35S promoter contains The binding oftrans factors tocis elements to turn off
multiple cis elements that interact with and respond to nema- genes is a well-documented method of gene regulation in pro-
tode infection to give the pattern of activity seen in NFS. In karyotes but, although recognized in eukaryotes, it is less well
the case of syncytia the balance of activity is shifted toward studied (Imagawa 1996). However, there is an indication that

silencing of expression. Goddijn et §1993) suggested that
down-regulation of the 35S was correlated to it containing an
as-1 site in the A domain. Thas-1 site, which binds the tran-
scription factor ASF-1 in tobacco nuclear extracts (Lam.et al

another nematode-responsive promoter could be down-
regulated by negative regulation. Goddijn et al. (1993) showed
that although theolC promoter was repressed in NFS'a 3

truncation of this promoter was found to be active, possibly
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Fig. 3. Frequency of B-glucuronidase (GUS) activity in transgenic tobacco root

tips of uninfected plants, compared with those infected by cyst and root-

knot nematodes. Mean percentage (with standard error bars) of root tips examined that were GUS positive (y axis) is shown for each of three constructs

(x axis). Uninfected (control) roots (C) are compared with those infected with r
bodera tabacum subsp. tabacum (Gtt), 25 and 35 days after inoculation, respecti
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indicating that a negative regulating cis element at the 3' end press inhibitory or nematicidal gene products inside the feed-

of the rolC promoter was removed by the deletion. ing cells. From our results, it seems that the —343 to +8 ver-
Promoter silencing associated with NFS is, however, un- sion of the 35S would be suitable for this task in the case of
likely to be caused by a single mechanism and possibly aso M. incognita giant cells, although constructs based on

reflects a shift in the loca “expression environment” in  4xB5+A should be considerably better. The 35S promoter had
nematode-affected cells. For example, 4xB3+A drives strongsome activity in the syncytial feeding sites @f tabacum
expression ofiidA in the cortex of roots and presumably the subsptabacum but it was inconsistent, and most feeding sites
transcription factor(s) necessary for this are present in cortexseemed to escape detectable GUS activity. Selecting a suitable
cells. If the general expression environment in cortex cells promoter to drive good levels of transgene expression in the
adjacent to the feeding sites (and therefore under nematodeyncytial feeding sites of cyst nematodes remains problematic.
influence) changes to become increasingly “uncortex-like” Nevertheless, the combinatorial model of eukaryotic promot-
then availability of appropriate transcription factors may de- ers suggests that we may be able improve on syncytial expres-
crease and the promoter may fall silent. sion by fusing combinations of 35S subdomains. Ni et al.
In addition to down-regulation, a number of constructs used (1995) assembled different domains of mannopine synthase
here showed up-regulation in or around NFS. Four con- (mas2) and octopine synthase (ocs) promoters to create a chi-
structs—4xB1+A, 4xB3+A, 4xB4+A, and 4xB5+A—all gave meric promoter capable of driving strong constitutive expres-
GUS activity associated with giant cells inducedvhyincog- sion in plants. In a similar way, a combination B4 and B5
nita, with the latter two especially showing the strongest and subdomains of the 35S promoter, perhaps with the —72 do-
most frequent activity. However, only the 4xB4+A and main, could result in stronger/more frequent syncytial expres-
4xB5+A constructs gave any GUS activity in syncytia and this sion than the other constructs tested during this work.
tended to be weak and inconsistent. Some transcription factors During the course of this work two striking and surprising
that bind to the B subdomains have been previously identified.observations were made. First, the frequencies of root tip ex-
For example, the GATA site in B1 binds GATA 1, the B3 do- pression changed upon infection by nematodes. This may re-
main binds a factor called CAF, and MNF-1 binds to a region flect a change in general root physiology related to local dam-
within the B4 domain (Benfey and Chua 1990; Lam and Chua age or pathogen detection. That the effect is more pronounced
1990; Yanagisawa and lzui 1992). However, whether any of with cyst nematodes, which wound plant tissues more than do
these are relevant to nematode-responsive activity is currentlyroot-knot nematodes (Hansen et al. 1996), adds weight to this
unknown. hypothesis. Second, promoter activities within NFS were
Different domains of the 35S promoter are known to act syn- found to be inconsistent. Why one feeding site should facili-
ergistically in normal, uninfected plants (Benfey et al. 1990a, tate activity of a promoter, when another of apparently similar
1990b). Similarly, this study shows synergism in and around age did not, is unknown. There is currently insufficient data to
NFS. Neither the A (-90) domain alone nor any of the B sub- judge how widespread this phenomenon is, but, from the few
domains fused to the minimal —46 (TATA) promoter were capa- nematode-responsive promoters studied so far, at least one
ble of driving nematode-responsive expression. However, whenother (truncatedrolC promoter) shows a similar effect
various B subdomains and the A domain were combined, syn-(Goddijn et al 1993).
ergism was evident, resulting in GUS activity in and/or around  In conclusion, this study has shown that a —343 to +8 ver-
feeding sites. Furthermore, synergy also occurred between thesion of the 35S promoter is active in the feeding sites of root-
B subdomains, none of which alone show activity in gall tis- knot nematodes and to a lesser extent the syncytial cells in-
sue; yet, when they were combined in the entire 35S promoterduced by cyst nematodes. The subdomains of this promoter as
GUS activity was readily observed in the galls. described by Benfey et al. (1990a) show various degrees of
One of the most striking findings of this study was the great nematode-responsive activity, from strong up-regulation to
differences in activity of the constructs between the galls/giantalmost complete silencing. This work serves to clarify the
cells induced byM. incognita compared with the syncytial confusing and contradictory literature surrounding the nema-
feeding sites ofG. tabacum subsp.tabacum. In every case, tode-responsive nature of the 35S promoter. However, care
where there was nematode-responsive expression, it washould be take in extrapolating these results to other 35S con-
stronger and more consistent with the root-knot nematode. Forstructs such as “double enhancer” versions or those containing
some constructs, such as 4xB1+A, root-knot responsive ex-other additions/truncations of the basic —343 to +8 sequence.
pression could be observed whereas the cyst nematode gavéhe effects (if any) of such differences are hard to predict.
none. Similar results have been observed with other promoters
(Goddijn et al. 1993; Opperman et al. 1994; Barthels .et al \ATERIALS AND METHODS
1997) and the molecular interactions between nematodes and
host that are responsible for the bias towkfdoidogyne Transgenic plants.
spp.-induced expression can only, as yet, be a matter of The plants used in this study were grown from seed derived
speculation. Perhaps the molecular routes used by these twérom the transgenic tobacco plants described by Benfey et al.
nematode genera to induce their respective feeding sites arél990a, 1990b). Fourteen different constructs were used (Fig.
more divergent than has been appreciated previously. 1), most of which were based on tetramers of B subdomains:
The response of the 35S promoter to nematode infection hagixB1, 4xB2, 4xB3, 4xB4, and 4xB5 in combination with ei-
important implications for research efforts aimed at engineer- ther the minimal —46 (TATA) promoter or the entire A (—90)
ing nematode resistance in transgenic crops (Atkinson et al.domain. In addition, lines of plants harboring the entire 35S
1995; Burrows and de Waele 1997). In many of the resistancepromoter (-343 to +8), the 35S promoter with a deleted
strategies currently under investigation it is necessary to ex-site and the minimal —46 (TATA) promoter were studied. At
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Robertson, W. M., Van Montagu, M., Gheysen, G., and Sijmons, P. C.
1997. Regulatory sequences of Arabidopsis drive reporter gene ex-
pression in nematode feeding structures. Plant Cell 9:2119-2134.
. i Benfey, P. N., and Chua, N.-H. 1990. The cauliflower mosaic virus 35S
Growth and inoculation of plants. promoter: Combinatorial regulation of transcription in plants. Science
Seeds were sown in open-ended transparent plastic growth 250:959-966.
chambers (1 x 3 x 10 cm) in a 1:1 mixture of sieved steam Beﬂfez’v_P- Na-t' T*;nst '; an(;j Chua, N-;}H-h1989- Th? Ca(';{'f\f/ 35? ?hgnca
HH H H contains WO domains wnicn can conrer difrerent develop-
sterilized loam and peat. Pla_nts were |noculated_W|th e@_her mental and tissue-specific expression patterns, EMBO J. 8:2195-2202.
ta}bacum supsp.tapacum,_ wh_lch mducgs syncytial _feed_mg Benfey, P. N., Ren, L., and Chua, N.-H. 1990a. Tissue-specific expres-
sites, orM., incognita, which induces giant cell feeding sites. sion from CaMV 35S enhancer subdomains in early stages of plant
Infection of plants in soil with nematodes is not synchronous,

least three plants from two or more different transgenic lines
were examined for all constructs.

development. EMBO J. 9:1677-1684.
and usually nematodes at different developmental stages ar&enfey, P.N., Ren, L., and Chua, N.-H. 1990b. Combinatorial and syn-

present on the same infected root system. To ensure that a irgéglrgggem% of CaMV 35S enhancer stibdomains. EMBO J. 9:

good range of developmental stages (J3 to adult) was preseniyrows, P R. 1992. Molecular analysis of the interactions between cyst

we carried out some preliminary tests to determine inoculation nematodes and their hosts. J. Nematol. 24:338-342.

conditions and harvest times. The following procedures were Burrows, P. R., and de Waele, D. 1997. Engineering resistance against

found to be satisfactory, and were used for this study. Ten Plant parasitic nematodes using anti-nematode genes. Pages 217-236
ts (each containing approximately 200 egg<.dfbacum in: Cellular and Molecular Aspects of Plant-Nematode Interactl_ons C.

cys g app y_ . 99%. Fenoll, F. M. W. Grundler, and S. A. Ohl, eds. Kluwer Academic Pub.,

subsp.tabacum were added to the soil in each growth cham-  pordrecht, The Netherlands.

ber, 1 to 2 cm below the tobacco seed, at the time of sowing.Cramer, C. L. 1992. Regulation of defense-related gene expression dur-

g

For M. incognita, approximately 500 eggs were injected to a _ ing plant-pathogen interaction. J. Nematol. 24:586-587.

depth of 2 cm into the soil around the roots of tobacco seed-Gddin O. J M., Lindsey, K., van der Lee, F. M., Klap, J. C., and

i he f leaf C ol . lated Sijmons, P. C. 1993. Differential gene expression in nematode-

Ings at the four-leaf stage. Control plants W?re not inoculated. g ceq feeding structures of transgenic plants harbouring promoter-

Plants were harvested at 35 days post sowingfaabacum

gusA fusion constructs. Plant J. 4:863-873.
subsptabacum or 25 days post inoculation fbt. incognita. Hansen, E., Harper, G., McPherson, M. J., and Atkinson, H. J. 1996.

Differential expression patterns of wound inducible transgene wunl-

: : uidA in potato roots following infection with either cyst or root-knot
Analysis of nematode-infected roots. nematodes. Physiol. Mol. Plant Pathol. 48:161-170.

Soil was washed gently from plant roots before staining for |magawa, M. 1996. Negative regulation of gene expression in eukaryo-

GUS activity essentially as described by Jefferstnal. tes. Neurochem. Int. 29:565-572.

(1987). The concentration of the chromogenic GUS substrateJefferson, R. A., Kavanagh, T. A., and Bevan, M. W. 1987. GUSfusions.

(5-bromo-4-chloro-3-indolyl B-b-glucuronic  acid; X-gluc) gl'gr']‘;;“é‘;;‘ggsj 2-3330318233?‘3 and versatile gene marker in higher

U_SEd was 1 mM’ and _staln_lng_was carried out at 25°C O\_/er'Jones, M. G. K. 1981. Host cell responses to endoparasitic nematode

n]ght- To help in the visualization of ne'fnatOde.S anq feedlng attack: Structure and function of giant cells and syncytia. Ann. Appl.

sites, some root samples were also stained with acid fuchsin Biol. 97:353-372.

(Southey 1986). In the first instance, stained roots were ob-Lam, E.,, Benfey, P N, Gilmartin, P. M., Fang, R.-X., and Chua, N.-H.

served with a binocular microscope and the background GUS 1989- Site-specific mutations alter in vitro factor binding and change

o din inf d and uninf d Followi hi promoter expression pattern in transgenic plants. Proc. Natl. Acad.
activity noted in infected and uninfected roots. Following this, ;" (ysa g6:7800-7894.

each infected root mass was systematically searched and NF$am, E., and Chua, N.-H. 1990. GT-1 hinding site confers light respon-

were counted and scored for apparent GUS activity. sive expression in transgenic tobacco. Science 248:471-474.

In most cases, where blue feeding sites were observed, iN’BMIg%g"g" E”t‘r?ané%" Naras'mhfl%“_liys-vf\/igafa_c- E. a”td G%V'T"esd-
H . : . et . . . Slrength ana tissue specitiCity of chimeric promoters aerv

was not possible .W.Ith .a bInO.CU|ar microscope to d.lsunngh from the octopine and mannopine synthase genes. Plant J. 7: 661-676.

between GUS activity immediately around the outside of the gpperman, c. H., Taylor, C. G., and Conkling, M. A. 1994. Root-knot

feeding site and GUS activity inside. For this reason, where nematode-directed expression of a plant root-specific gene. Science

appropriate, cryo-sections of NFS were made, mounted in 263:221-223. .

distilled water and observed at x100 to x400 magnification Satsgf’gg j N :’r‘gggefc't‘r:‘ea;c?ét;’vﬁg A f?;!%?giiﬁ'&g?&g%‘g‘?

W!th a compound microscope. Photomicrographs were taken ;"2\, oh and D. W. Dickson, eds. Society of Nematologists,

with Ektachrome 1SO 400 film (Kodak, Rochester, NY). Hyattsville, MD.
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