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Frequencies, timing, and spatial patterns of co-suppression of the 
nitrate (Nia) and nitrite ( N i 9  genes were analyzed in transgenic 
tobacco (Nicotiana tabacum) plants carrying either Nia or Nii  
cDNAs under the control of the 35s promoter, ora Niigene with its 
own regulatory signals (promoter, introns, and terminator) cloned 
downstream of two copies of the enhancer of the 35s promoter. We 
show that (a) the frequencies of transgenic lines affected by co- 
suppression are similar for the three constructs, ranging from 19 to 
25%; (b) Nia and Nii co-suppression are triggered stochastically 
during a phenocritical period of 2 weeks between germination and 
flowering; (c) the timing of co-suppression (i.e. the percentage of 
isogenic plants affected by co-suppression reported as a function of 
the number of days of culture) differs from one transgenic line to 
another; (d) the percentage of isogenic plants affected by co- 
suppression is  increased by growing the plants in vitro prior to their 
transfer to the greenhouse and to the field; and (e) at the end of the 
culture period, plants are either unaffected, completely co- 
suppressed, or variegated. Suppressed and nonsuppressed parts of 
these variegated plants are separated by a vertical plane through the 
stem in Nia co-suppression, and separated by a horizontal plane in 
Nii co-suppression. 

During the past 10 years, gene silencing has become a 
common theme in plant molecular biology. Although many 
transformants that did not have correct expression of their 
transgene were put aside, the assumption being that posi- 
tion effect was probably responsible for poor expression, 
some scientists have come to "treasure their exceptions" 
and have developed a primary classification of transgene 
silencing events (Matzke and Matzke, 1995; Phillips et al., 
1995). 

Gene silencing can be due either to a transcriptional 
block (Meyer et al., 1993) or to a posttranscriptional process 
leading to an increase in mRNA turnover (Van Blockland et 
al., 1994). In both cases, silencing has been observed in cis, 
affecting single or multiple copies inserted at one locus 
(Linn et al., 1990; Meyer et al., 1993; Dehio and Schell, 1994; 
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Ingelbrecht et al., 1994; Elmayan and Vaucheret, 1996) or in 
trans, affecting allelic or ectopic copies (Matzke et al., 1989; 
Meyer et al., 1993; Vaucheret, 1993; Park et al., 1996). 
Co-suppression belongs to the latter case and has been 
defined as the posttranscriptional silencing of transgene(s) 
and host gene(s) expressing the same coding sequence 
(Jorgensen, 1990; Van Blockland et al., 1994). This phenom- 
enon has been observed in several plant species with dif- 
ferent transgenes (for review, see Flavell, 1994; Dougherty 
and Parks, 1995; Matzke and Matzke, 1995). In each case, 
silencing of the transgene(s) and host gene(s) is character- 
ized by a decrease in mRNA steady-state level, but the 
transcription rate is not affected. 

In our laboratory, transgenes derived from the tobacco 
(Nicotiana tabacum) Nia and Nii genes were built to overex- 
press NR and NiR, respectively (Vincentz and Caboche, 
1991; Vaucheret et al., 1995; P. Crété, M. Caboche, C. 
Meyer, unpublished data). Introduction of these transgenes 
into transgenic tobacco plants led either to co-expression or 
co-suppression of host genes and transgenes (Dorlhac de 
Borne et al., 1994; Palauqui and Vaucheret, 1995; Vaucheret 
et al., 1995). Plants that overexpress either NR or NiR 
activity exhibit a normal green phenotype, whereas NR or 
NiR deficiency leads to a cell-autonomous chlorotic phe- 
notype visible at any stage of development (Gabard et al., 
1987; Saux et al., 1987; Vaucheret et al., 1992, 1995; Dorlhac 
de Borne et al., 1994). This allows the analysis of the setting 
and resetting of co-suppression. 

Severa1 independent transgenic tobacco lines homozy- 
gous for the construct consisting of Nia2 cDNA under the 
control of the 35s promoter (35s-Nia2 cDNA) reproducibly 
showed co-suppression during successive field trials. After 
sowing, seedlings grew normally for a period of up to 
several weeks, expressing both the host genes and the 
transgenes. Then, co-suppression of Nia host genes and 
transgenes progressively affected an increasing number of 
plants before reaching a plateau at flowering. The percent- 
age of plants affected by co-suppression remained the same 
at each generation in the same culture conditions, showing 
that the ability to trigger co-suppression was inherited 
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rather than being the inactivated state (Dorlhac de Borne et 
al., 1994), a result also found in the case of chitinase co- 
suppression (Hart et al., 1992). The percentage of plants 
affected by co-suppression was increased when plants 
were grown in vitro prior to their transfer to the green- 
house and to the field (Palauqui and Vaucheret, 1995), 
suggesting an effect of environmental factors, a result also 
found in the case of chitinase, SAM synthetase, and glu- 
canase co-suppression (Hart et al., 1992; Boerjan et al., 1994; 
de Carvalho-Niebel et al., 1995). 

Similarly, co-suppression of Nii host genes and trans- 
genes was observed cyclically at each generation in a trans- 
genic tobacco line homozygous for a construct consisting of 
the native Niil gene cloned downstream of two copies of 
the enhancer of the 35s promoter (70enh-Niil gene). .After 
sowing, seedlings grew normally and co-expressed host 
genes and transgenes. Subsequently, co-suppression af- 
fected a11 of the plants almost synchronously between the 
2nd and 4th week of growth (Vaucheret et al., 1995). 

Here we show a comparative analysis of the frequencies, 
timing, and spatial patterns of co-suppression in transgenic 
tobacco plants carrying either the 35s-Nia2 cDNA or the 
70enh-Niil gene constructs, and in plants carrying a new 
construct consisting of the tobacco Niil cDNA under the 
control of the 35s promoter (35s-Niil cDNA). We show that 
frequencies and timing are comparable for Nia and Nii 
co-suppression, whereas spatial patterns differ completely 
between the two genes, irrespective of the regulation of 
the transgene (constitutive 35s-cDNA versus regulated 
70enh-gene). 

MATERIALS A N D  METHODS 

Transgenic plants were obtained by Agrobacterium- 
mediated leaf disc transformation of tobacco (Nicotiana 
tabacum cv Paraguay PBD6). Constructs 27,30, and 34 carry 
complete or partia1 sequences of the tobacco Nia2 cDNA 
inserted between the 35s promoter and terminator se- 
quences (35s-Nia2) (Dorlhac de Borne et al., 1994; Palauqui 
and Vaucheret, 1995). Construct 475 carries the complete 
sequence of the tobacco Niil cDNA inserted downstream of 
the 35s promoter (35s-Niil) (P. Crété, M. Caboche, C. 
Meyer, unpublished data). Construct 461 carries the com- 
plete sequence of the tobacco Niil gene (including introns, 
promoter, and terminator sequences) cloned downstream 
of the double enhancer of the 35s promoter (70enk-Niil) 
(Vaucheret et al., 1995). Constructs 27, 30, 34, and 461 are 
carried on the binary vector pBin 19 (Bevan, 1984). Con- 
struct 475 is carried on the binary vector pBiB-Hyg (Gritz 
and Davies, 1983). 

Cenetic Analysis 

The generation of transgenic lines homozygous for a 
single 35s-Nia2 transgene locus was described previously 
(Palauqui and Vaucheret, 1995). Transformants carrying 
the 35s-Niil or 70enh-Niil construct were selected on a 
medium supplemented with hygromycin (25 mg 1 L) or 
kanamycin (50 mg/ L), respectively. Transformants were 
allowed to self-fertilize in the greenhouse. Surface- 

sterilized seeds were sown in vitro on the hygromycin/ 
kanamycin medium. The viability of the seedlings was 
monitored after 2 months of growth. Seeds were also sown 
in the greenhouse and grown under a natural lightldark 
regime and watered with a nutrient solution containing 12 
mM nitrate. Transgenic lines showing a 3:l segregation 
ratio on medium supplemented with the antibiotic and 
showing chlorotic plants in their progeny were retained for 
further analysis. Chlorotic plants were allowed to self- 
fertilize. Surface-sterilized seeds were sown in vitro on the 
hygromycinl kanamycin medium described above. Chlo- 
rotic plants were homozygous for the transgene locus. 

Field Trial Analysis 

Greenhouse/F ield Conditions 

Seeds corresponding to the different transgenic lines 
were sown directly in soil in the greenhouse in April and 
watered with a nutrient solution containing 12 mM nitrate. 
One hundred twenty plants per combination were trans- 
ferred to individual vessels in May and watered with the 
same nutrient solution in the greenhouse. Plants were 
transferred to a standard nitrate-fertilized field (200 kg 
N / ha) in June. 

In Vitro/Greenhouse/F ield Conditions 

Seeds corresponding to different transgenic lines were 
surface-sterilized and sown in vitro in April and grown at 
23°C under conditions of a 16-h light/8-h dark photope- 
riod, 70% RH, and 120 mE m-’ lighting. One hundred 
twenty plants per combination were transferred to individ- 
ual vessels in May in the greenhouse. Plants were trans- 
ferred to a nitrate-fertilized field (200 kg N/ha)  in June. 

The number of chlorotic plants was determined every 
week from sowing until flowering. In accordance with 
French legislation, flowers were destroyed and the trans- 
genic plants were eliminated. 

Nucleic Acid Analysis 

RNA was extracted from leaves. Northern blot analysis 
was performed with the tobacco Nia2 or Niil cDNA as 
described previously (Kronenberger et al., 1993). 

RESULTS 

Frequencies of Co-Suppression 

Transgenic Tobacco Plants Carrying the 35s-Nia2 
cDNA Construct 

The introduction of three derivatives of a 35s-Nia2 cDNA 
construct into tobacco plants was described previously 
(Dorlhac de Borne et al., 1994; Palauqui and Vaucheret, 
1995). One construct, 30, carries a full-length Nia2 cDNA 
cloned between the CaMV 35s promoter and the natural 
termination sequences of the Nia2 gene (Fig. 1). A second 
construct, 34, carries a Nia2 cDNA devoid of its 5’ untrans- 
lated region cloned between the CaMV 35s promoter and 
the natural termination sequences of the Nia2 gene. A third 
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Figure 1. Physical map of the 35s-Nia2 cDNA, 35s-Ni i I  cDNA, and 
70enh-Niil gene constructs. 

construct, 27, carries a Nia2 cDNA devoid of its 5’ and 3’ 
untranslated regions cloned between the CaMV 35s pro- 
moter and termination sequences. Among 43 transformants 
carrying one of these three transgenes, three showed co- 
suppression of Nia host genes and transgenes; i.e. they 
were chlorotic and contained no NR activity and no detect- 
able Nia mRNAs (Dorlhac de Borne et al., 1994). When 
seeds obtained by self-fertilization of the 40 remaining 
transformants were sown in the greenhouse, chlorotic in- 
dividuals with no NR activity were observed at various 
frequencies in the progeny of 7 of them (Palauqui and 
Vaucheret, 1995; this work). These results indicate that 23% 
of the transformants carrying a 35s-cDNA construct exhibit 
co-suppression, with no significant differences between 
constructs 27, 30, and 34 (Table I). 

Transgenic Tobacco Plants Carrying the 355-Niil 
cDNA Construct 

A 35s-Niil transgene (P. Crété, M. Caboche, C. Meyer, 
unpublished data) consisting of a full-length Niil cDNA 
cloned between the CaMV 35s promoter and the natural 
termination sequences of the Niil gene (Fig. 1) was intro- 
duced into tobacco plants. Among 28 transformants, two 
were chlorotic and contained no NiR activity or Nii mRNA 
(data not shown). When seeds obtained by self-fertilization 
of the remaining 26 transformants were sown in the green- 
house, chlorotic individuals with no NiR activity were 
observed at various frequencies in the progeny of 5 of 
them. These results indicate that 25% of the transformants 
carrying a 35s-Niil cDNA construct exhibit co- 
suppression, a result comparable to that observed with the 
35s-Nia2 cDNA construct (Table I). 

Transgenic Tobacco Plants Carrying the 7Oenh-Niil 
Gene Construct 

A 70enh-Niil transgene (Vaucheret et al., 1995) consisting 
of the native Niil gene with its own regulatory signals 
(promoter, introns, and terminator), cloned downstream of 
two copies of the enhancer of the 35s promoter (Fig. l), was 
previously introduced into tobacco plants. Among 9 trans- 
formants, 1 was chlorotic and showed co-suppression of 
Nii host genes and transgenes. When seeds obtained by 
self-fertilization of the remaining 8 transformants were 
sown in the greenhouse, chlorotic individuals with no NiR 
activity were observed in the progeny of one of them 
(Vaucheret et al., 1995). To analyze a larger number of 
transformants, another round of transformation was per- 
formed. Among 12 new transformants, 1 was chlorotic and 
showed co-suppression of Nii host genes and transgenes, 
and another showed co-suppression in its progeny (data 
not shown). Taken together, these results indicate that 19% 
of the transformants carrying a 70enh-Niil cDNA construct 
exhibit co-suppression, a result comparable to that ob- 
served with the 35s-Nia2 and 35s-Niil cDNA constructs 
(Table I). 

Timing of Co-Suppression 

Transgenic Tobacco Plants Carrying the 35s-Nia2 
cDNA Construct 

Co-suppression of NR was previously shown to occur 
during a long phenocritical period between the 1st and 4th 
month of growth. At each generation, the number of plants 
showing co-suppression increased progressively during 
the first 3 months of growth before reaching a plateau at 
flowering (Dorlhac de Borne et al., 1994). The analysis of 
severa1 independent lines carrying a single transgene locus 
showed that the final percentage of plants affected by 
co-suppression differs from one transgenic line to another, 
but remains stable at each generation whether the seeds are 
harvested from a suppressed or an isogenic, nonsup- 
pressed plant. In addition, we showed that these percent- 
ages were increased by in vitro culture (Palauqui and 

Table 1. Frequencies of co-suppression 

For each construct, the frequency i s  defined by the percentage of 
transformants affected by co-suppression either as primary regener- 
ants or as individuals of their self-progeny (average is  given for the 
three 35s-Nia2cDNA constructs). 

No. of No. of Percentage of 
Transformants Co-Suppressed Co-Suppressed Construct 

35s-Nia2 28 6 

35S-Nia2 5 2 23 

35s- Nia2 10 2 

(construct 30) 

(construct 34) 

(construct 27) 

(construct 475) 

(construct 461) 

35s-Ni i l  28 7 25 

70enh-Nii 21 4 19 
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Vaucheret, 1995). During a new field trial performed in the 
summer of 1995, we reanalyzed the timing of NR co- 
suppression of four transgenic lines previously shown to 
carry multiple copies of the transgene inserted at a single 
locus and to give the highest percentages of co-suppression 
(Palauqui and Vaucheret, 1995). Two lines (30-18.1 and 
30-18.2) carry construct 30. The two other lines (34-2.5 and 
2744.7) carry constructs 34 and 27, respectively. Plants 
were sown directly in soil in the greenhouse or grown in 
vitro prior to transfer to the greenhouse and to the field 
(see "Materials and Methods"). Figure 2 shows for each 
line the percentage of plants affected by co-suppression 
reported as a function of the number of days of culture. As 
shown previously, co-suppression appeared between d 15 
and flowering, affecting progressively an increasing num- 
ber of plants, and was higher under "in vitro" conditions. 
Although the percentage of plants affected by co- 
suppression was slightly higher than that observed in the 
summer of 1994 (Palauqui and Vaucheret, 1995), probably 
due to the exceptionally high temperature and light levels 
during the summer of 1995 in France, none of the four 
single homozygous transgenic lines showed 100% of plants 
affected by co-suppression, even under in vitro conditions. 

Transgenic Tobacco Plants Carrying the 35s-Nii l 
cDNA Construct 

Among the seven transformants showing co-suppression 
of Nii host genes and 35s-Niil transgenes, four carried 

Figure 2. Time course of the appearance of co- 
suppression during a field trial. Plants were 
grown under greenhouse/field (W) or in vitro/ 
greenhouse/field (O) conditions (see "Materials 
and Methods"). The number of plants becoming 
chlorotic was determined every week from ger- 
mination to. flowering. One hundred twenty 
plants per transgenic line were analyzed. The 
percentage of chlorotic plants is reported as a 
function of the number of days of culture. Plants 
remaining partially chlorotic at the end of the 
culture period were counted as co-suppressed. 

multiple copies of the 35s-Niil cDNA construct inserted at 
a single locus (data not shown). Homozygous lines were 
derived from these plants. The timing of NiR co- 
suppression of these four transgenic lines was analyzed 
during the same field trial in the summer of 1995. Plants 
were sown directly in soil in the greenhouse or grown in 
vitro prior to transfer to the greenhouse or the field. Figure 
2 shows for each line the percentage of plants affected by 
co-suppression reported as a function of the number of 
days of culture. Co-suppression of NiR was triggered dur- 
ing a large phenocritical period that extended from d 15 to 
flowering and progressively affected an increasing number 
of plants. The percentage of plants affected by co- 
suppression reached 100% in three lines (2.1, 9.1, and 16.2), 
irrespective of the conditions of growth. In the remaining 
line (11.5), the percentage of plants affected by co- 
suppression reached 100% under in vitro conditions only, 
whereas it remained lower under "greenhouse" conditions, 
as found in the case of plants carrying the 35s-Nia2 cDNA 
construct. 

Transgenic Tobacco Plants Carrying the 70-Nii l  
Gene Construct 

Among the four transformants showing co-suppression 
of Nii host genes and 70enk-Niil transgenes, two carried 
multiple copies of the transgene construct inserted at a 
single locus (data not shown). Homozygous lines were 
derived 
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suppression of these two transgenic lines (461-2.1 and 
461-36.8) was analyzed during the same field trial in the 
summer of 1995. Plants were sown directly in soil in the 
greenhouse or grown in vitro prior to transfer to the green- 
house and to the field. Figure 2 shows for each line the 
percentage of plants affected by co-suppression reported as 
a function of the number of days of culture. As found 
previously in plant 461-2.1, co-suppression appeared dur- 
ing a very short time between d 25 and 40, and reached 
100% in the two lines, irrespective of the conditions of 
growth. 

Spatial Patterns of Co-Suppression 

Transgenic Tobacco Plants Carrying the 35.5-Nia2 
cDNA Construct 

A deficiency in NR activity leads to a loss of chloroplast 
function and to leaf chlorosis, which is a cell-autonomous 
process (Gabard et al., 1987; Saux et al., 1987). This allowed 
us to determine that Nia co-suppression was triggered in a 
single leaf and subsequently propagated to the rest of the 
plant. Chlorosis first appeared on a single leaf situated at 
the bottom of the plant, irrespective of the transgenic lines 
analyzed. Chlorotic tissues were in the form of interveinal 
yellow spots (Fig. 3a) or a vein-localized yellow area (Fig. 
3b). Northern blot analysis of these tissues confirmed that 
they were being co-suppressed, since no Nia mRNAs were 
detected, whereas surrounding green tissues accumulated 
Nia mRNAs (data not shown). Although the simultaneous 
appearance of interveinal chlorotic spots on different 
leaves was observed rarely, we never detected the simul- 
taneous appearance of vein-localized yellow areas on dif- 
ferent leaves among thousands of plants grown during 
successive field trials. We also noticed that the first leaf 
showing co-suppression was not determined by its relative 
position to the sun or within the field, thus suggesting a 
completely stochastic triggering. 

From the first chlorotic symptom, co-suppression 
seemed to spread progressively to the rest of the plant. 
Depending on the stage of development of the plant, the 
kinetics of propagation was slightly different. When co- 
suppression was initiated at an early stage of development 
(between d 20 and 40), chlorosis propagated quickly to the 
whole plant within 4 to 5 d. When it occurred later (i.e. 
during the 2nd or 3rd month of the phenocritical period), 
co-suppression propagated progressively more and more 
slowly, and transient intermediate states could be ob- 
served. After being triggered as a vein-localized yellow 
area on a leaf at the bottom of the plant, chlorosis spread 
progressively from the veinal zone to the interveinal zone 
until the whole leaf was affected. Simultaneously, chlorosis 
affected the top leaves in a particular way; the leaves 
located directly above and on the same side of the plant as 
the first affected leaf were first touched by chlorosis and 
only later were the leaves on the other side affected. At an 
infermediate, transient stage of this process, the leaves at 
the border of the affected and unaffected sides had a chlo- 
rotic half on the side of the first affected leaf and a fully 
green half on the opposite side (Fig. 3c). Finally, plants 

became completely chlorotic within 10 to 25 d (Fig. 3d), at 
which time none of the leaves contained Nia mRNAs. 

Conversely, when co-suppression was triggered at the 
very end of the phenocritical period (just before flowering), 
it did not propagate to the entire plant, and the plant 
therefore became variegated. Indeed, after blooming, 
plants remained in an intermediate state, with chlorotic 
and green leaves delimited by a vertical plane (Fig. 3e). 
Northern blot analysis of such a plant revealed that none of 
the chlorotic areas contained Nia mRNAs, whereas a11 of 
the green areas, even those on the same leaf, accumulated 
Nia mRNAs (Fig. 4A). The accumulation of Nii mRNAs was 
not impaired in the chlorotic areas (Fig. 4A). Indeed, an 
increase in Nii mRNA accumulation was observed in these 
chlorotic areas due to the lack of transcriptional repression 
of Nii host genes by reduced nitrogen metabolites as de- 
scribed previously (Kronenberger et al., 1993). Therefore, 
these non-clonal, spatial patterns of silencing are 
(trans)gene-specific and do not result from metabolic con- 
trol of the nitrate assimilation pathway. This particular 
way of spreading of co-suppression within the plants and 
these spatial patterns were observed in a11 transgenic lines 
showing Nia co-suppression irrespective of the constructs 
used, the combination of loci, or the allelic state of the 
trangene (Palauqui and Vaucheret, 1995). 

Transgenic Tobacco Plants Carrying the 3%-Nii7 
cDNA Construct 

As was found in transgenic plants carrying the 35s-Nia2 
cDNA construct, the first chlorotic symptoms corre- 
sponded either to interveinal yellow spots on one or, 
rarely, two leaves (Fig. 3f), or a vein-localized yellow area 
on a single leaf (Fig. 3g). These chlorotic areas did not 
contain Nii mRNAs, whereas surrounding green tissues 
accumulated them (data not shown). Once again, the posi- 
tion of the leaf on which co-suppression was triggered was 
not dependent on the orientation of the plant within the 
field. When it occurred at a very early stage of develop- 
ment (during the 1st month of the phenocritical period), 
chlorosis appeared on a lower leaf of the plants in the same 
way as was described for Nia co-suppression, and then 
propagated to the whole plant (not shown). When it oc- 
curred at a later stage of development, the initiation site 
and the pattern of transmission differed from Nia co- 
suppression. Indeed, chlorosis appeared first on a medium 
leaf situated approximately five to seven leaves from the 
top of the plant, and then affected a11 of the upper leaves 
irrespective of their position relative to the first chlorotic 
leaf. Finally, a11 of the leaves situated above the medium 
initial leaf were chlorotic, whereas lower leaves remained 
green, delimiting a horizontal plane with distinct patterns 
from one side to the other (Fig. 3h). None of the chlorotic 
areas contained Nii mRNAs, whereas a11 of the green areas 
accumulated them (Fig. 4B). The accumulation of Nia 
mRNAs was not impaired in the chlorotic areas (Fig. 48); in 
fact, an increase was observed due to the lack of transcrip- 
tional repression of Nia host genes by reduced nitrogen 
metabolites described previously (Vaucheret et al., 1992). 
These results confirm that these spatial patterns of silenc- 
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Figure 3. Spatial patterns of co-suppression at different stages of development. Representative patterns are shown for
transgenic lines carrying either the 35S-Nia2 cDNA (a-e), 35S-NH1 cDNA (f-h), or 70enh-NH1 gene constructs (i and j). a,
Early triggering of Nia co-suppression. Interveinal chlorotic spot on a green leaf, b, Early triggering of Nia co-suppression.
Vein-localized chlorotic leaf. Surrounding leaves are fully green, c, Intermediate stage of Nia co-suppression. The plant
shows fully green, fully chlorotic, and half-chlorotic, half-green leaves, d, Completed stage of Nia co-suppression. The plant
is fully chlorotic. e, Late stage of Nia co-suppression. Variegated plants consist of chlorotic leaves and green leaves separated
by a vertical plane going through the stem, f, Early triggering of Nil co-suppression (35S-NH1). Interveinal chlorotic spot on
a green leaf, g, Early triggering of Nil co-suppression (35S-NH1). Vein-localized chlorosis. Surrounding leaves are fully green,
h, Late stage of Nii co-suppression (35S-NH1). Variegated plants consist of chlorotic leaves and green leaves separated by
a horizontal plane perpendicular to the stem, i, Early triggering of Nii co-suppression (70enh-Niil). Vein-localized chlorosis,
j, Late stage of Nii co-suppression (70enh-NH1). Variegated plants consist of chlorotic leaves and green leaves separated by
a horizontal plane perpendicular to the stem.
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Figure 4. Expression of Nia or Nil mRNAs in green and chlorotic parts of variegated plants. Total RNA was extracted from
all of the leaves of variegated plants. The numbering (1-16) refers to the position of the leaf from the bottom (1) to the top
(16). The angle (from -180° to +180°) refers to the position of each leaf relative to the stem and to the bottom leaf (angle =
0 as reference). NS, Nonsuppressed green tissues; S, suppressed chlorotic tissues. When the leaf was uniform, one sample
was analyzed. When the leaf was variegated, both green (NS) and chlorotic (S) parts were analyzed. Ten milligrams of RNA
from each sample was probed with the tobacco Nia2 or Niil cDNA. A, Analysis of a variegated plant carrying the 35S-Nia2
cDNA; B, analysis of a variegated plant carrying the 35S-NH1 cDNA.

ing are (trans)gene-specific and do not result from meta-
bolic control of the nitrate assimilation pathway. This par-
ticular way of spreading co-suppression within the plants
and these spatial patterns were observed in all transgenic
lines carrying the 35S-NU1 cDNA construct and showing
Nii co-suppression.

Transgenic Tobacco Plants Carrying the 70enh-NH1
Gene Construct

Due to the particular timing of co-suppression of the two
transgenic lines 461-2.1 and 461-36.8 (Fig. 2), only early
triggering events were observed. Surprisingly, interveinal
chlorotic spots were never observed and chlorosis was
always vein-localized (Fig. 3i). The plants became com-
pletely chlorotic within 5 to 15 d. To analyze late events of
triggering we grew hybrid plants resulting either from a
cross between line 461-2.1 and another homozygous trans-
genic line (461-7.8, which never shows co-suppression ir-
respective of the conditions of growth), or from the self-
fertilization of one co-suppressed primary transformant
(461-8) carrying at least three unlinked transgene loci
(Vaucheret et al., 1995). When triggered early in the devel-
opment, chlorosis appeared randomly on a single leaf at
the bottom of the plants and was always vein-localized.
Then, the plants became fully chlorotic. When triggered at
later stages of development, chlorosis appeared first on a
medium leaf situated approximately five to seven leaves
from the top of the plant. The area of interveinal chlorosis
increased progressively from the initial affected leaf to the
upper leaves. Finally, the upper leaves became chlorotic
irrespective of their orientation with regard to the first

chlorotic leaf, whereas the leaves situated below remained
green, thus delimiting a horizontal plane (Fig. 3j).

DISCUSSION

We report a comparative study of the frequencies, tim-
ing, and spatial patterns of co-suppression in tobacco
plants carrying three distinct transgene constructs. Two
constructs consist of cDNAs encoding NR and NiR, respec-
tively, cloned between the 35S promoter and the natural
termination sequences of their corresponding gene (Nia2
and Niil, respectively). These two constructs allow the
constitutive overexpression of NR or NiR activity (Vin-
centz and Caboche, 1991; P. Crete, M. Caboche, C. Meyer,
unpublished data). The third construct consists of the na-
tive Niil gene with its regulatory signals (promoter, in-
trons, and terminator) cloned downstream of two copies of
the enhancer of the 35S promoter (Vaucheret et al., 1995).
This construct allows the overexpression of NiR in a reg-
ulated manner, i.e. the accumulation of Nii mRNAs in
transgenic plants carrying this construct is induced by
nitrate and light, as is the accumulation of Nii mRNAs in
wild-type plants (data not shown). The comparative anal-
ysis of co-suppression in plants carrying these three con-
structs allows us to discriminate between specific effects of
the gene under study (common to plants carrying the
35S-NH1 cDNA and 70enh-Niil gene constructs, and differ-
ent for plants carrying the 35S-Nia2 cDNA construct) and
specific effects of the mode of deregulation (common to
plants carrying the 35S-Nia2 cDNA and 355-Niil cDNA
constructs, and different for plants carrying the 70enh-Niil
gene construct).
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The frequency of transformants showing co-suppression, 
either directly as primary transformants or as homozygous 
individuals of their self-progeny, was not significantly dif- 
ferent between the three constructs, and ranged from 19 to 
25%. This result suggests that Nia and Nii genes are simi- 
larly susceptible to co-suppression in transgenic tobacco 
plants, and that a constitutive or a regulated overexpres- 
sion of the Nii transgene does not greatly influence the 
frequency of co-suppressed transformants. Conversely, we 
have found that the percentage of plants affected by co- 
suppression was clearly different from one transgenic line 
to another and between NR and NiR co-suppresssion. In- 
deed, none of the transgenic lines homozygous for a single 
locus carrying the 35s-Nia2 cDNA construct showed 100% 
co-suppression, whereas two transgenic lines homozygous 
for two unlinked loci showed 100% co-suppression (Palau- 
qui and Vaucheret, 1995). Conversely, a11 of the transgenic 
lines homozygous for a single locus carrying the 35s-Niil 
cDNA or 70enk-Niil gene constructs showed 100% co- 
suppression. These results suggest that a higher dosage of 
transgene loci is required for an efficient triggering of NR 
co-suppression than is required for the triggering of NiR 
co-suppression. 

The timing of co-suppression (i.e. the percentage of 
plants affected by co-suppression reported as a function of 
the number of days of culture) also varies from one trans- 
genic line to another. Depending on the line considered, 
co-suppression can be triggered stochastically during a 
long phenocritical period extending from d 15 after germi- 
nation to flowering, as is also reported for chitinase and 
SAM synthetase co-suppression (Hart et al., 1992; Boerjan 
et al., 1994), or it can be triggered during a shorter phen- 
ocritical period, as reported for glucanase co-suppression 
(de Carvalho et al., 1992; de Carvalho-Niebel et al., 1995). 
In addition, the timing of co-suppression in some lines is 
dramatically affected by the conditions under which plants 
are grown (l'alauqui and Vaucheret, 1995; this work), a 
result also reported for chitinase co-suppression (Hart et 
al., 1992), thus confirming that environmental parameters 
are important for silencing. 

Finally, we have analyzed the spatial patterns of Nia and 
Nii co-suppression in transgenic plants carrying each of the 
three constructs (35s-Nia2 cDNA, 35s-Niil cDNA, and 
70enh-Niil gene) and found that these patterns are not 
clonal, but result from the propagation of co-suppression 
within the plants in a particular manner. We took advan- 
tage of the fact that a deficiency in nitrate assimilation 
leads to a visible and cell-autonomous phenotype, chloro- 
sis, which results from a disorganization of the chloroplasts 
(Saux et al., 1987). This phenotype is visible in the leaves at 
any stage of the development of the plant. We observed 
some common points but also clear differences between the 
three constructs. Chlorosis always appeared randomly on a 
single leaf, and this phenomenon was correlated with the 
disappearance of mRNA from the host genes and from 
transgenes. Chlorosis appeared as interveinal spots or 
vein-localized areas in 35s-Nia2 and 35s-Niil cDNA con- 
structs, whereas it always appeared as a vein-localized area 
in the 70enk-Niil gene construct, suggesting some influence 
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of the transgene regulation in the process of triggering. 
Chlorosis (and co-suppression) then propagated to higher 
parts of the plant, irrespective of the construct considered. 
However, the geometrical distribution of suppressed and 
nonsuppressed leaves in variegated plants differed be- 
tween Nia and Nii constructs, but not from one transgenic 
line to another. Nia co-suppression started on a leaf situ- 
ated at the bottom of the plant, invaded the other tissues of 
the leaf, and then spread to the upper leaves, primarily 
those on the same side of the plant. Conversely, Nii co- 
suppression started on one leaf situated five to seven 
leaves below the top of the plant and propagated to a11 of 
the upper leaves, whereas the leaves situated below re- 
mained unaffected. When it was triggered late, co- 
suppression did not propagate to the whole plant, and the 
plants remained variegated. Chlorotic and nonchlorotic 
tissues were separated by a vertical plane in Nia co- 
suppression and by a horizontal plane in Nii co- 
suppression. A schematic representation of the different 
final stages of co-suppression is shown in Figure 5. 

The spatial patterns of Nii co-suppression resemble those 
reported in the case of SAM synthase silencing (Boerjan et 
al., 1994), whereas the spatial patterns of Nia co- 
suppression show some similarities but also some differ- 
ences from those resulting from chitinase silencing (Hart et 
al., 1992; F. Meins, personal communication). These results 
suggest that different genes that do not belong to the same 
metabolic pathway (for example, genes encoding NiR and 
SAM synthetase) can exhibit similar spatial patterns of 
co-suppression. Conversely, two genes that belong to the 

\ Nin I 

B 

Figure 5. Schematic representation of spatial patterns of Nia and Nii 
co-suppresssion. The different spatial patterns observed at the end of 
the culture are represented. Plants may be either completely co- 
suppressed, completely normal, or variegated. Creen leaves are 
represented in black. Chlorotic leaves are represented in white. 
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same metabolic pathway (NR and NiR) and that are natu- 
rally co-regulated at the transcriptional level (Faure et al., 
1991; Vincentz et al., 1993) can exhibit distinct spatial pat- 
terns of co-suppression. In addition, the mode of deregu- 
lation of gene expression, i.e. constitutive (35s-Niil cDNA 
construct) or regulated (70enh-niil gene construct) overex- 
pression, does not seem to influence the spatial patterns of 
Nii co-suppression. A similar result was observed for the 
co-suppression of chalcone synthase in transgenic petunia 
plants carrying either a 35s-cDNA construct or a genomic 
clone with its own regulatory signals (Van der Krol et al., 
1990). 

Because co-suppression occurs similarly with constitu- 
tive or regulated transgenes (Van der Krol et al, 1990; this 
work), and because it occurs at a post-transcriptional level 
(Van Blockland et al, 1994; de Carvalho-Niebel et al, 1995), 
one might assume that the transcriptional regulation of 
host genes and transgenes plays a minor role in the control 
of co-suppression. Therefore, the distinct spatial patterns of 
co-suppression observed with different genes may reflect 
specific posttranscriptional regulations occurring at the 
RNA or protein level or may reflect specific metabolic 
controls. A heuristic model involving autoregulation by the 
host gene and transgene products has been invoked to 
account for the specific aspects of chitinase silencing 
(Meins and Kuncz, 1994). Similarly, Boerjan et al. (1994) 
proposed that high levels of gene expression trigger SAM 
synthase silencing, and that silenced cells act as a sink for 
molecules involved in the negative regulation of the en- 
dogenous gene. Since the spatial patterns of Nia and Nii 
co-suppression are not clonal and since neither Nia nor Nii 
co-suppression results from metabolic control of the nitrate 
assimilation pathway, one cannot exclude the possibility 
that molecules involved in the control of silencing diffuse 
through the plant in a specific manner, which may 
explain why each gene exhibits a different pattern of 
co-suppression. 
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