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The effects of Tntl retrotransposon insertion on nitrate reductase (NR) gene transcription have been analyzed in three NR-deficient insertional, mutants of Nicotiana tabacum. In the three mutants, named h9-Nia4, h9-Nia5 and h9-Nia6, Tntl was inserted into exon 3, exon 2 and exon 1 of the nia2 NR alloallelle, respectively. The mutants h9-Nia4 and h9-Nia6, which contained Tntl insertions that were oriented opposite to the direction of nia2 gene transcription, expressed chimaeric nia2-Tntl RNAs, respectively 12 kb and 10 kb long. The size observed in h9-Nia6 was close to the expected size for a full-length hybrid transcript starting and ending under the control of nia2 signals (about 9 kb). The larger transcript found in h9-Nia4 was shown to be due to a failure to splice the nia2 intron 2. The mutant h9-Nia5, which contained a Tntl insertion oriented in parallel with the direction of nia2 transcription expressed two truncated nia2-Tntl RNAs, 2 kb and 6.7 kb long. These transcripts arose from termination in the long terminal repeats (LTRs) of Tntl. Since no fulllength hybrid RNA was detected, we suggest that Tntl carries efficient termination signals, which are more efficiently recognized in the 3' LTR than in the 5' LTR.

Introduction

The insertion of a transposable element into a gene can result in a variety of effects on expression, depending on the properties of the element, its position and orientation in the gene. The influence of transposable elements on transcription and RNA processing has been well documented in plants (Weft and Wessler 1990) and in Drosophila [START_REF] Engels | P elements in Drosophila melanogaster[END_REF][START_REF] Bingham | Retrotransposons and the FB transposon from Drosophila melanogaster[END_REF]. Inser-Offprint requests to : S. Pouteau tion into exons and introns drastically alters RNA processing. Elements are frequently removed by processing when they are inserted in an antiparallel orientation, often leading to near-wild-type transcripts. In other cases, especially for parallel insertions, readthrough transcription is usually prevented, resulting in truncated transcripts which are polyadenylated at sites within the transposon. To date, RNA processing effects of insertions into plant gene exons have been only reported in maize [START_REF] Weil | The effects of plant transposable element insertion on transcription initiation and RNA processing[END_REF].

We previously reported a transcriptional analysis of a number of nitrate reductase (NR)-deficient mutants (NR-mutants) isolated in Nicotiana plumbaginifolia [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF]. A large number of these mutants have a modified NR structural gene (nia) and they contain variable amounts of NR transcript. Mutant NR transcripts, when detectable, have a wild-type size and most N. plumbaginifolia nia mutants studied so far are thought to result from point mutations. Tobacco (N. tabacum) NR-mutants resulting from insertion of a transposable element have also been isolated [START_REF] Grandbastien | Tntl, a mobile retroviral-little transposable element of tobacco isolated by plant cell genetics[END_REF]) that provide new tools for NR transcriptional analysis. The nia locus has been used as a molecular target for the isolation of a transposable element named Tntl. To date, Tntl is the only transposable element identified in tobacco. This element is 5.3 kb long and sequence analysis has shown that it belongs to the retrotransposon family [START_REF] Grandbastien | Tntl, a mobile retroviral-little transposable element of tobacco isolated by plant cell genetics[END_REF]). Retrotransposons [START_REF] Boeke | Transposable elements in Saccharomyces cerevisiae[END_REF][START_REF] Bingham | Retrotransposons and the FB transposon from Drosophila melanogaster[END_REF] are part of the group of transposable elements, named retroposons, that transpose via an RNA intermediate. They are structurally related to retroviruses [START_REF] Varmus | Retroviruses[END_REF]. Tntl has the typical features of a retrotransposon, including two perfect 610 bp terminal repeats (LTRs) and gag-pol functional domains. LTRs are known to contain promoter as well as terminator signals so that transcription of the element starts in the 5' LTR and ends in the 3' LTR. A full-length, 5.2 kb long, Tntl transcript is specifically expressed in tobacco protoplasts and transcription start sites within the LTR have been determined [START_REF] Pouteau | Specific expression of the tobacco Tutl retrotransposon in protoplasts[END_REF].

NR-insertional mutants were obtained by the construction of an haploid NR monogenic tobacco line, in which the nial alloallele, derived from the NR-tobacco mutant Nia30 (Mfiller 1983), was stably mutated and the nia2 alloallele was functional. Spontaneous NRmutants were isolated from protoplasts by typical selection for chlorate resistance [START_REF] Grafe | Improved in vitro selection of nitrate reductase-deficient mutants of Nicotiana plumbaginifolia[END_REF]). Three independent NR-insertional mutants, named h9-Nia4, h9-Nia5 and h9-Nia6, were found to be caused by the insertion of Tntl into the nia2 gene. The corresponding insertions have been named Tntl-94, Tntl-95 and Tntl-96, respectively. Tntl-94 and Tntl-95 have been isolated and sequenced, and their exact positions as well as their orientation in the nia2 gene are known [START_REF] Grandbastien | Tntl, a mobile retroviral-little transposable element of tobacco isolated by plant cell genetics[END_REF]; unpublished data for Tntl-95 sequence). The position and the orientation of which has not yet been isolated, have been characterized in this work. In this paper, we present an analysis of the influence of Tntl insertion on nia2 transcription. We show that both readthrough and truncated chimaeric nia2-Tntl transcripts are produced, depending on the orientation of the Tntl insertion in the nia2 gene.

Materials and methods

Plant material. The tobacco mutants were aseptically propagated and grafted in the greenhouse onto N. tabacum cv. Wisconsin-38 plants, as previously described [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF].

RNA extraction and gel blot analysis. Total RNA was extracted from leaf tissue according to [START_REF] Galangau | Expression of leaf nitrate reductase genes from tomato and tobacco in relation to light-dark regimes and nitrate supply[END_REF], fractionated by formaldehyde-l% agarose gel electrophoresis (typically 15 gg of total RNA per lane) and transferred to Hybond N membranes (Amersham). Hybridizations and washes were carried out under stringent conditions, as described in [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF]. RNA sizes were estimated with standard RNA molecular weight markers (Bethesda Research Laboratories).

DNA probes. Probes of the nia2 gene corresponding, respectively, to exon 1, the 3' untranslated region and intron 2, were obtained from genomic clones of the phage library constructed for sequencing of tobacco NR genes (Vaucheret et al. 1989b). The exon 1 probe is located upstream of the three Tntl insertions and overlaps part of the leader region (85 bp) and part of the coding region (119 bp) ofnia2. The 3' untranslated region corresponds to a 1.5 kb PstI fragment, starting 23 bp downstream of the nia2 stop codon. The intron 2 probe corresponds to a 291 bp fragment, ending 209 bp upstream of exon 3.

Probes corresponding to intron I (594 bp long) and to intron 3 (761 bp long) were obtained by polymerase chain reaction (PCR) amplification of genomic clones with specific oligonucleotides [START_REF] Saiki | Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase[END_REF].

The Tntl internal probe corresponds to a 849 bp long BglII fragment of Tntl-94, located in the gag domain. The Tntl LTR probe is a 407 bp long SspI fragment of Tntl-95 (Tntl-94 and Tntl-95 have 99% sequence homology).

Oligonucleotide synthesis. The oligonucleotides were synthesized in a 381A DNA synthesizer (Applied Biosysterns). Four specific primers were used for cDNA synthesis, PCR amplifications and DNA sequencing (NR sequences are underlined): O16 (21met): 5'-TGATGATATACTCTGGCTTGT-3' (reverse, nucleotides 1774-1754) O15 (22mer): 5'-CATGTTGATGCTGAACTTGCAA-3' (nucleotides 1120-1141) O18 (20met): 5'-GTCACTTCTACTCGCGTTAC-3' (reverse, nucleotides 3217 3198) Ol13 (20mer): 5'-TATACCTTGTCTGTGAAACC-3' reverse, After deprotection, the oligonucleotides were lyophilised and resuspended in water.

PCR amplification of a partial cDNA from h9-Nia4 NR mRNA. A total RNA preparation from mutant h9-Nia4 (ca. 5 gg) was used for cDNA synthesis. The first cDNA strand was obtained with Moloney murine leukemia virus (MMLV) reverse transcriptase (Bethesda Research Laboratories) using a specific primer (O18) under the conditions recommended by the supplier. A control reaction was carried out with the same components except that the MMLV reverse transcriptase was omitted from the mixture.

The first-strand reaction mixtures (20 gl) were then diluted to 100 gl with distilled water and 5 gl were used for PCR amplification with Promega Taq polymerase under standard conditions [START_REF] Saiki | Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase[END_REF]) and as recommended by the supplier, with 20 pmol of each primer (O15 and O18). One-fifth of the PCR product was loaded directly on a 1% agarose gel. The gel was then stained with ethidium bromide and transferred to a Hybond N membrane (Amersham).

Hybridization with the nia2 entire coding sequence was carried out with the ECL gene detection system (Amersham).

PCR amplification and sequencing of the left junction of the Tntl-96 insertion. Genomic DNA (100 ng) from mutant h9-Nia6 was used for PCR amplification with 20 pmol of each primer (Oll 3 and O16) as described above. After loading on a 1% agarose gel, the DNA band was cut out of the gel and the amplified material was further purified using the Geneclean kit (Bio 101). These purified PCR products were then used for direct DNA sequencing using primer Ol13. Sequencing reactions of double-stranded DNA were performed using the Dye Terminator kit (Applied Biosystems) as recommended by the supplier, and analyzed with a 370A DNA Sequencer (Applied Biosystems).

Results

Determination of the position and the orientation of Tntl-96 in the nia2 gene

Isolation and characterization of Tntl-94 and Tntl-95 have been described in a previous report (Grandbastien insertions occur, respectively, in the second and the third exons (Fig. 1A). Tntl-94 is inserted in a transcriptional orientation opposite to that of the nia2 gene, whereas Tntl-95 is inserted in the same orientation. Tntl-96 insertion in the nia2 sequence has been previously reported [START_REF] Grandbastien | Tntl, a mobile retroviral-little transposable element of tobacco isolated by plant cell genetics[END_REF]). The location of the element was partially characterized by Southern blot analysis and found to lie within an EcoRI-BamHI segment of the first exon (data not shown). In order to confirm this position and to determine the orientation of Tntl-96, DNA amplifications of genomic sequences were carried out with specific primers: an oligonucleotide located within the LTR of Tntl (Ol13) and an oligonucleotide located at the beginning of NR exon 2 (O16). A DNA fragment of 1.2 kb was obtained with these primers (data not shown), demonstrating that Tntl-96 is inserted in the EcoRI-BamHI segment of the first nia2 exon in a transcriptional orientation opposite to that of the nia2 gene. This hybrid DNA fragment was sequenced using primer Ol13 and the sequence of the left junction of Tntl-96 confirmed the orientation and position of Tntl-96 within the nia2 gene (Fig. 1 B). Figure 1 A summarizes the position and the orientation in the nia2 gene of each of the three insertions.
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Detection of NR transcripts initiated from nia genes

To detect all the NR transcripts produced by the mutants, RNA gel blot hybridizations were done with a nia2 probe corresponding to a sequence located in exon 1, upstream of the three Tntl insertions (Fig. 1). Figure 2A shows that several different NR RNA species were detected. A 3.5 kb long NR RNA, which corresponds to the nial gene transcript, was found in each mutant. This was expected, since the parental tobacco N R -mutant, from which insertional N R -mutants were derived, still express NR transcripts [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF]. In addition to the wild-type RNA species, larger as well as shorter NR RNAs were observed. An RNA species 2 kb long was only found in the mutant h9-Nia5. Considering the position of Tntl-95 insertion in the nia2 gene, this truncated RNA was probably the result of a transcriptional arrest at the beginning of the Tntl sequence. In addition, three different large RNA species, which are probably chimaeric nia2-Tntl transcripts, were detected in each mutant. The RNA species in h9-Nia5 (6.7 kb long) was consistently shorter than those observed in h9-Nia4 and h9-Nia6 (respectively, about 12 kb and 10 kb long). The 6.7 kb size of this RNA is compatible with the occurrence of a transcriptional arrest at the end of the Tntl sequence, whereas the 12 kb and 10 kb RNAs probably represent complete readthrough transcripts.

Chimaeric and readthrough nia2 transcripts

To confirm that the larger RNA species were chimaeric nia2-Tntl transcripts, the RNA gel blot was hybridized with a Tntl probe, corresponding to the internal gag domain. Figure 2 B shows that the three large RNA species (6.7 kb, 10 kb and 12 kb long) had homologies with the Tntl gag sequence. Hybridizations with other fragments of the Tntl open reading frame, including a fragment corresponding to the reverse transcriptase domain, gave the same signals (data not shown). By contrast, no homologies to the Tntl coding sequence were detected for the 2 kb RNA species.

Another RNA species, 6.5 kb long, was detected with the Tntl probe. This RNA is also present in the two parental lines of the NR monogenic line used for the selection of the mutants (data not shown), and it is unrelated to NR sequences. The RNA is longer than any of the Tntl elements isolated so far (5.3 kb), and several observations suggest that it is not simply a larger Tntl transcript, but rather a chimaeric transcript resulting from the transcription of an unknown gene into which Tntl has inserted [START_REF] Pouteau | Specific expression of the tobacco Tutl retrotransposon in protoplasts[END_REF].

To determine whether the nia2-TntlZ, chimaeric RNAs terminate within the nia2 gene, the I~NA gel blot was hybridized with a nia2 probe corresponding to a sequence located in the 3' untranslated region of the gene. Figure 2C shows that, besides the 3.5 kb wild-type sized NR RNA, only the 12 kb RNA in h9-Nia4 and the 10 kb RNA in h9-Nia6 were detected, whereas the 6.7 kb species in h9-Nia5 was not. This confirms that the 10 kb and 12 kb RNAs are complete readthrough transcripts, whereas the 6.7 kb RNA probably terminates in the Tntl sequence.

Transcription termination within the Tntl LTR

As expected from the previous results, the Tntl LTR fragment hybridized to the large nia2-Tntl chimaeric RNAs, as well as the 6.5 kb Tntl RNA (Fig. 2D). In addition, this probe hybridized strongly to the 2 kb RNA in h9-Nia5, suggesting that this transcript terminates within the Tntl sequence.
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Fig. 3A-C. Homologies of the nia2 gene transcript with nia2 introns. Total RNA from leaf tissue of the mutants was hybridized with probes of: A intron 1; B intron 2; C intron 3. The high background of non-specific hybridization with ribosomal RNAs is probably due to the high AT content of the intron probes nia2 intron homologies

The size of the largest nia2-Tntl RNA in h9-Nia4 (12 kb) was very puzzling since the size expected for a fulllength readthrough transcript is about 9-10 kb. To determine if the larger size was due to the presence of intron sequences in the transcript, hybridizations with probes of the three nia2 introns were done. Figure 3 shows that intron homologies are detected only for the 12 kb RNA in h9-Nia4 and hybridization occurred only with intron 2 of the nia2 gene. As the size determination of the largest RNA was not very precise because of its limited migration in the gel and could have been overestimated, we suggest that its size difference relative to the expected size, could be accounted for by the presence of intron 2 (1298 nucleotides). The presence of intron 2 in the NR RNA of mutant h9-Nia4 was verified by PCR amplification of a partial cDNA, using two specific primers which hybridize to sequences located at the 3' end of exon 1 and the 5' end of exon 3, respectively (Fig. 4,I). No amplification was observed with the negative control reaction (lane c), thus proving that the two fragments amplified in lane b are specific cDNAs. In addition, these bands hybridized with a nia2 probe (Fig. 4, II). One band had a size of about 1.5 kb and the other band, which gave a weak hybridization signal, had a size of about 200 bp and probably resulted from amplification of the nial alloallele, which was normally spliced. The 1.5 kb fragment is consistent with the presence of intron 2 in the nia2 RNA of h9-Nia4. The structure of the corresponding cDNAs is shown in Fig. 4, III. The absence of intron 1 in this R N A was verified by the same procedure, using specific oligonucleotides (data not shown).

The deduced structures of the nia2 transcripts found in hg-Nia4, h9-Nia5 and h9-Nia6 are presented in Fig. 5.

D i s c u s s i o n

The analysis of N R transcripts in three tobacco N R mutants, hg-Nia4, h9-Nia5 and hg-Nia6, which result from the insertion of the Tntl retrotransposon, respectively, into exon 3, exon 2 and exon 1 of the nia2 gene, showed that chimaeric nia2-Tntl transcripts are produced in these mutants. It was found that the addition of a Tntl 5.3 kb segment in the nia2 transcript does not drastically affect the stability of the resulting RNAs. Even very long RNAs, like the 12 kb long nia2-Tntl R N A found in h9-Nia4, were stable enough to be detected among total RNAs. In previous work [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF] we showed that most nia mutants in N. plumbaginifolia retain detectable levels of N R transcripts. In fact, all the nia mutants which still express immunologically detectable N R protein had enhanced N R R N A levels. In the tobacco nia mutant Nia30, from which the mutated niaI alloallele present in h9-Nia4, h9-Nia5 and h9-Nia6 was derived, N R R N A is markedly overproduced [START_REF] Pouteau | Nitrate reductase mRNA regulation in Nicotiana plumbaginifolia nitrate reductase-deficient mutants[END_REF], and this is correlated with the overproduction of inactive N R protein (unpublished results). However, the relative importance of the two nia alloalleles in R N A production is still unknown.

The orientation of the Tntl insertion within the nia2 gene had a dramatic influence on the transcription process. In the case of Tntl-94 and Tntl-96, which are inserted in the orientation opposite to that of the nia2 gene, complete hybrid nia2-Tntl transcripts (12 kb and 10 kb long, respectively) starting and ending under the control of the nia2 gene signals were expressed. In contrast, in the mutant hg-Nia5 where Tntl is inserted in the parallel orientation, transcription terminates in the Tntl sequence and generates two truncated transcripts, about 2 kb and 6.7 kb long. The sizes of the two RNAs suggest that transcription termination occurs in both Tntl LTRs. Indeed, the 2 kb R N A hybridizes with a L T R fragment, but not with the Tntl open reading frame sequence. Apparently, no full-length nia2-Tntl R N A is produced. Such a full-length R N A would be expected to have the same size as the 10 kb R N A species observed in mutant h9-Nia6. Based on the signal intensity observed for this RNA species as well as for the 6.7 kb RNA species in Fig. 2B, it can be suggested that the full-length RNA species if it is produced in mutant h9-Nia5 at all, would correspond to a minor RNA species and account for less than 10% of the RNAs initiated under the control of the nia2 promoter.

The patterns of transcription found for the three mutants are very similar to those observed for other transposon insertions into plant exons [START_REF] Weil | The effects of plant transposable element insertion on transcription initiation and RNA processing[END_REF]. When a transposon is inserted in the same transcriptional orientation as the resident gene, most of the RNAs produced from the mutant gene are polyadenylated at sites within the transposon. Transposons inserted in a transcriptional orientation opposite to that of a resident gene usually do not prevent transcription readthrough. In addition, oppositely oriented transposon sequences are frequently spliced from the resulting RNAs [START_REF] Wessler | The splicing of maize transposable elements from pre-mRNA a minireview[END_REF]. Transposon splicing has been most frequently observed for elements that move via a DNA intermediate like maize elements Ac and Spin, but has also been recently reported for a Drosophila retrotransposon [START_REF] Fridell | A retrotransposon 412 insertion within an exon of the Drosophila melanogaster vermilion gene is spliced from the precursor RNA[END_REF]). On the other hand, an antiparallel insertion of the Bsl retrotransposon in the maize alcohol dehydrogenase gene was reported to lead to unspliced full-length chimaeric transcripts [START_REF] Johns | A low copy number, copia-like transposon in maize[END_REF]. In h9-Nia4 and hg-Nia6, the occurrence of Tntl splicing, leading to wild-type sized RNAs, cannot be excluded. However, to discriminate such spliced transcripts from nial transcripts, sequence analysis of cDNAs produced from total mRNA would be necessary.

Most genetic elements that replicate via reverse transcription, like retroviral elements, caulimoviruses and hepatitis B viruses, generate a terminally redundant RNA that is necessary for their replication cycle. Because each terminally redundant segment (R) contains the same polyA signal, the transcription machinery must be able to read through this signal on the first pass and recognize it on the second pass. In the case of hepadnaviruses and cauliflower mosaic virus, the same polyA site is encountered twice on a closed circular DNA molecule. For retroviral elements, two identical sites are present in the LTRs found at the ends of the elements. Since transcription usually starts upstream of this polyA signal in the 5' LTR, some mechanism to prevent premature 5' arrest of transcription must exist [START_REF] Coffin | Determination of 3' end processing in retroelements[END_REF]. In some cases, the R segment is so short that the polyA signal is not found in the transcript. In other cases, there is evidence that the upstream sequence called U3 is required for efficient termination of the transcript [START_REF] Dougherty | A promoterless retroviral vector indicates that there are sequences in U3 required for 3' RNA processing[END_REF][START_REF] Russnak | Sequence 5' to the polyadenylation signal mediate differential poly(A) site use in hepatitis B viruses[END_REF]. The involvement of U3 in the termination process is supported by the finding that the 5' LTR termination signal of Tntl is recognized by the transcriptional machinery leading to the production of the 2 kb RNA expressed in mutant h9-Nia5. However, the U3 sequence of Tntl is apparently not sufficient for efficient recognition of the 5' LTR transcription site termination since a large amount of the 6.7 kb RNA can be detected. Other mechanisms must be invoked to explain why, on the other hand, the identical termination site is efficiently recognized in the 3' LTR, leading to the 6.7 kb RNA. One mechanism could involve alternative secondary structures of the transcript, as has already been proposed for some retroviruses [START_REF] Benz | Moloney murine sarcoma proviral DNA is a transcriptional unit[END_REF][START_REF] Seiki | Human adult T-cell leukemia virus: complete nucleotide sequence of the provirus genome integrated in Ieukemia cell DNA[END_REF]). It should be noted that the apparently different termination strength of the two LTRs of Tntl is supported by the absence of a full-length nia2-Tntl RNA in mutant h9-Nia5. However, it cannot be excluded that, in fact, this RNA species is produced in this mutant but is very unstable for unknown reasons.

The nia2-Tntl transcript expressed in hg-Nia4 is about 2 kb longer than the expected size (12 kb instead of 10 kb). This size difference corresponds to a failure to excise the nia2 intron 2. The Tntl-94 element inserted into nia2 exon 3 is very close to the intron 2-exon 3 junction (26 bp). This proximity may be responsible for the splicing defect that results in the inclusion of intron 2 in the mature transcript, possibly by destabilizing secondary structures required for the splicing machinery. In addition, Tntl LTRs are very rich in AT which are commonly found in plant intron sequences [START_REF] Hanley | Plant intron sequences: evidence for distinct groups of introns[END_REF][START_REF] Goodall | The AU-rich sequences present in the introns of plant nuclear pre-mRNAs are required for splicing[END_REF], thus possibly reducing the efficiency with which the normal splice site is recognized. Alternatively, the insertion of Tntl into exon 3 may interfere with the mechanism of splicing by exon definition described by [START_REF] Robberson | Exon definition may facilitate splice site selection in RNAs with multiple exons[END_REF]. The model proposes that factors binding 3' and 5' splice sites communicate across exons and that these complexes constitute the initial units of spliceosome assembly, preceding the definition of introns for catalysis. This recognition would requffe that 3' and 5' splice sites are located close to each other. Indeed, the size of internal exons in vertebrates is usually less than 300 nucleotides [START_REF] Naora | Relationship between the total size of exons and introns in protein-coding genes of higher eukaryotes[END_REF][START_REF] Hawkins | A survey on intron and exon lengths[END_REF]). This rule is also observed in the case of the NR genes (Daniel-Vedele et al. 1989;Vaucheret et al. 1989a, b). The insertion of Tntl in exon 3, which increases the apparent size of this exon to about 6 kb, could prevent exon 3 definition and, thus, excision of the upstream intron 2. However, the Tntl-95 element, inserted into exon 2, did not affect the excision of intron 1. This could be attributed to the fact that the hybrid exon (exon 2 plus Tntl-95) was no longer an internal exon, but a terminal exon in both the 6.7 kb and 2 kb RNA species produced in mutant h9-Nia5. A third possible explanation for the effects of Tntl insertion on RNA splicing in h9-Nia4 may be that Tntl-94 contains a putative poison sequence that inhibits splicing. Such poison sequences are characterized by long stretches of pyrimidines and have already been reported [START_REF] Furdon | The length of the downstream exon and the substitution of specific sequences affect pre-mRNA splicing in vitro[END_REF]. The antisense strand of the LTR has a 100 nucleotide long segment containing 75% CT, whereas there are no CT-rich segments on the other strand. It is possible that the CT-rich segment of the Tntl-94 antiparallel LTR could act as a splicing poison.

This work constitutes the first example of transposable element insertion effects on gene transcription in tobacco. This is also the first report showing that the transcription termination sites in both LTRs of a retrotransposon can be utilized. However, the inefficient use of the 5' LTR signal as compared to the very efficient recognition of the 3' LTR signal by the transcription machinery is very puzzling and the mechanisms of transcription termination site selection remain to be elucidated.

  Fig. 1. A The positions of Tntl insertions in the nia2 genes of the mutants. Leader and 3' untranslated regions of the mature nia2 transcript are indicated by open boxes; nia2 coding regions by shaded boxes; nia2 introns by dotted thick lines; Tntl insertions by striped boxes (the corresponding mutant is indicated in brackets); long terminal repeats (LTRs) by filled arrowheads (the orientation of the arrows shows the orientation of the insertions). B Sequence of the left junction of the Tntl-96 insertion in the nia2 gene

  Fig. 2A-D. R N A gel blot analysis of the nia2 gene transcripts• Total R N A from leaf tissue of the mutants was hybridized with the following probes: A nia2 exon ] fragment, located upstream of the Tntl-96 insertion; B Tntl gag domain; C 3' untranslated region of nia2 (the high background of non-specific hybridization with ribosomal RNAs is probably due to the high AT content of this probe); and D Tntl LTR fragment

Fig. 4 .

 4 Fig.4. Polymerase chain reaction (PCR) amplification of a partial cDNA from mutant h9-Nia4. A first DNA strand was synthesized using RNA from mutant h9-Nia4 primed with a specific oligonucleotide ending 14 nucleotides after the beginning of the nitrate reductase (NR) exon 3 (O18). This cDNA strand was subsequently amplified by PCR using the previous oligonucleotide and another one ending 9 nucleotides before the beginning of NR intron 1 (O15). The PCR products were loaded on a 1% agarose gel and stained with ethidium bromide (I), then blotted onto a membrane
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