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Summary. The isolation and analysis of several cDNAs and 
of one genomic clone encoding ST-LS1, a single-copy gene 
from Solanum tuberosum with leaf/stem-specific, light-in- 
ducible expression, is described. The structure of the gene 
was determined by sequencing several overlapping partial 
cDNA clones as welt as the genomic clone and by determin- 
ing the transcription start site by RNA protection experi- 
ments. A " tagged"  derivative of  the gene, obtained by exon 
modification, was reintroduced into potato and into to- 
bacco shoots using Agrobaeterium/Ti-plasmid vector sys- 
tems. The modified gene was expressed in both tobacco 
and potato shoots giving rise to an RNA of approximately 
1,200 nucleotides which exceeded the length of the RNA 
made from the endogenous gene by the expected size of 
the " t a g "  (470 nucleotides). The level of expression of the 
modified gene varied substantially between independent 
transformants. A high proportion of the transformants 
(20~ synthesized as much RNA from the added gene 
as from the resident gene. Expression of the transferred 
gene was light induced. Qualitatively and quantitatively the 
expression of the introduced gene was similar in a homolo- 
gous (potato) and in a heterologous, but related, cellular 
background (tobacco). 
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Introduction 

The Ti-plasmids of Agrobacterium tumefaciens have been 
developed into an experimental system for the introduction 
of defined DNA sequences into plant cells. Chimaeric genes 
have been constructed combining bacterial coding se- 
quences with different regulatory sequences. Until now 
most of these gene constructions have relied for their ex- 
pression on Ti-plasmid-derived expression signals, such as 
the nos promoter (Bevan et al. 1983; Fraley etal. 1983; 
Herrera-Estrella et al. 1983a, b; De Block et al. 1984) or 
virus-derived sequences such as the promoters from the cau- 
liflower mosaic virus (CaMV) directing the transcription 
of the 19 S or 35 S RNAs (Odell et al. 1985). 

Gene transfers have been used to dissect functionally 
the DNA sequences involved in the regulation of expression 
of plant genes; thus, the promoter of the Ti-plasmid-en- 
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coded nopaline synthase gene (Shaw et al. 1984) and the 
CaMV-encoded promoter for the 35 S RNA (Odell et al. 
1985) have been analysed in some detail. However, only 
a limited number of genes of plant origin have been studied 
thus far. Two of these encode storage proteins from bean 
(Sengupta-Gopalan et al. 1985) and soybean (Beachy et al. 
1985). These were introduced into heterologous environ- 
ments such as tobacco or petunia plants. In the case of 
the bean storage protein phaseolin and the soybean storage 
proteins, regulated (seed-specific) expression was observed, 
albeit at a lower level when compared to the expression 
of the resident gene in bean seeds (Beachy et al. 1985; Sen- 
gupta-Gopalan et al. 1985). 

Another group of genes which has been retransferred 
to plants and analysed for expression comprises the small 
subunit of the ribulose'bisphosphate carboxylase (ssRub- 
isco) from pea and the chlorophyll a/b binding protein iso- 
lated from pea, wheat or petunia. These genes have been 
reported to have light-inducible expression in transgenic 
plants and transformed callus culture (Broglie et al. 1984; 
Herrera-Estrella et al. 1984; Morelli et al. 1985; Lamppa 
et al. 1985; Simpson et al. 1985). 

One common observation in these experiments as well 
as in an experiment involving a heat-shock gene (Schoeffi 
and Baumann 1985) is that the level of expression of the 
transferred alien genes was lower than that of the same 
gene in its endogenous situation. Another common feature 
was that the genes were transferred into a heterologous 
host, the only exception being an experiment where a con- 
struction using the 5' upstream region of a petunia gene 
encoding chlorophyll a/b binding protein was transformed 
back into petunia (Jones et al. 1985). Thus most of these 
experiments do not allow firm conclusions to be drawn 
about the reason(s) underlying the low level of expression 
of genes introduced into transgenic plants. The situation 
is further complicated by the fact that all the plant genes 
cited above are from multigene families. 

Genes from potato displaying differential expression 
have recently been isolated (Eckes et al. 1985; Rosahl et al. 
1986a, b; Sanchez-Serrano et al. 1986). As potato is a suit- 
able host for Agrobacterium-mediated gene transfer experi- 
ments, derivatives of these genes can be introduced into 
both homologous (i.e. potato) as well as heterologous (e.g. 
tobacco) hosts allowing the assessment of the influence of 
host-specific factors on gene expression. 

Here we describe the isolation and physical structure 
of a gene (ST-LS1) from potato (Solanum tuberosum), 
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which displays leaf/stem-specific, light-dependent and chlo- 
roplast-associated expression, controlled mainly at the level 
of transcription (Eckes et al. 1985). Experiments described 
below indicate that this gene is present as a single copy 
per haploid genome. It is therefore likely that the cloned 
gene is derived from a genomic copy which is actively ex- 
pressed in the plant. This gene was " tagged"  by exon modi- 
fication (insertion of a DNA sequence into one of the exons 
of the gene), reintroduced into potato and tobacco shoots 
and its expression was analysed. 

Materials and methods 

Recombinant DNA techniques. Standard procedures were 
used for recombinant DNA work (Maniatis et al. 1982). 

Isolation and analysis of  nucleic acids. Isolation of RNA 
and DNA from plants and their subsequent analysis by 
blot hybridization was performed according to Eckes et al. 
(1985). 

Transfer of  ST-LS1/470 into potato and tobacco shoots. ST- 
LS1/470 was mobilized into the Agrobacterium acceptor 
strain C58C1 containing the Ti-plasmid pGV3851 (Zam- 
bryski et al. 1983) using triparental mating according to 
van Haute et al. (1983). Transformation of tobacco was 
performed using the leaf disc procedure of  Horsch et al. 
(1985). For transformation of potato, surface-sterilised 
tuber slices (3 cm thickness) were put onto water agar 
(0.9%) containing 1 mg/1 indole acetic acid and infected 
with C58C1 (pGV3851 :: ST-LS1/470). After incubation for 
2 days at 23 ~ C, the tuber slices were transferred to MS 
medium (Murashige and Skoog 1962) containing indole 
acetic acid (1 mg/1) and Claforam (Cefotaxime; 0.5 mg/ml). 
Shoots appearing were cut from the tuber disc and put 
on MS medium without hormones in the presence of 
0.5 mg/ml Cefotaxime. All plant tissues were kept at 23 ~ C 
using a dark/light rhythm of 8 h dark and 16 h light. 

RNA protection experiments. Radioactively labelled RNA 
homologous to the HindlII-EcoRI or HindlII-XbaI frag- 
ments (cf. Fig. 3) was synthesized using appropriate SP6 
vectors and SP6 R N A  polymerase (Melton et al. 1984). Hy- 
bridization to total RNA (50 I~g) isolated from leaves or 
tubers of potato was for 16 h at 45 ~ C in a buffer containing 
80% formamide, 40 mM Pipes, 0.4 M NaCL, 1 mM EDTA, 
pH 6.7. After hybridization single-stranded RNA was di- 
gested in an RNAse digestion buffer containing 10 mM 
Tris, pH 7.5, 5 m M  EDTA, 300mM NaC1, 20 ~tg/ml 
RNAse A and 1 btg/ml RNAse T1 for 30 min at 30 ~ C. 
Subsequently nucleic acids were precipitated and separated 
on a 6% polyacrylamide sequencing gel. 

Results 

Isolation and physical characterization of  the ST-LS1 gene 

Among several cDNA clones isolated from potato leaf po- 
ly(A) + RNA displaying leaf/stem-specific, light-inducible 
and chloroplast-associated expression (Eckes et al. 1985) 
the clone pcL 700 was chosen for further analysis. This 
decision was based mainly on the fact that pcL 700 hybri- 
dizes predominantly to a single band in  a genomic blot 
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Fig. l. Upper part, map of the lambda genomic clone g1700/5. 
Middle part, restriction map of the 4.7 kb EeoRI-HindIII fragment 
subcloned for sequencing purposes and used in gene transfer exper- 
iments. Lower part, structure of the ST-LS1 gene and its modified 
derivative, ST-LSl/470. Introns are indicated by thin lines, the 
number above the exons and introns indicate the size of the respec- 
tive fragments. The EcoRI and NdeI recognition sites are indicated. 
The figure also illustrates the modified ST-LS1/470 gene which 
was obtained by inserting a 470 bp PvuII fragment of the TL-DNA 
of the octopine Ti-plasmid pTi ACH5 (Gielen et al. 1984) into 
the single NdeI site of the last exon. The PvulI fragment was first 
modified by adding an NdeI linker. R1, EeoRI; H3, HindIII 

(Eckes et al. 1985) which makes it likely that only one copy 
of this gene is present per haploid genome. 

Analysis of  cDNA clones. A collection of cDNA clones de- 
rived from potato leaf poly(A) + RNA was screened for 
additional cDNA clones homologous to pcL 700. The 
screening of 5,000 colonies yielded 7 new cDNA clones, 
all of which were probably derived from the same gene 
since no nucleotide exchanges were observed between them 
by sequence analysis (data not shown). Analysis of  two 
clones containing part of the poly(A) tail however, indicated 
that two different polyadenylation sites can be used (cf. 
Fig. 2). The use of more than one polyadenylation site has 
been observed for several other plant genes (Dean et al. 
1986). The composite nucleotide sequence obtained from 
different eDNA clones is given in Fig. 2. 

Isolation and characterization of  a genomie clone. A genomic 
library established in the lambda phage replacement vector 
EMBL4 (Frischauf et al. 1983) from the nuclear genome 
of the haploid potato line AM 80/5793 (Rosahl et al. 1986b) 
was analysed using the partial cDNA clone pcL 700 as 
a probe. Screening of about 8 • 105 plaques (representing 
about 4 genome complexities) yielded 5 lambda clones hy- 
bridizing strongly to the pcL 700 insert. Analysis of these 
clones by restriction and Southern blotting experiments in- 
dicated that all clones are derived from the same region 
of the potato genome (data not shown) which again is in 
agreement with the assumption that ST-LS1 represents a 
single copy gene. 

A partial restriction map of one of the lambda clones, 
g1700/5, is shown in Fig. 1. The 4.7 kb EeoRI-HindlII frag- 
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Fig. 2. Nucleotide sequence and 
deduced amino acid sequences of 
the ST-LS1 coding region of  
g1700/5 and comparison with the 
composite nucleotide sequence of 
several eDNAs homologous to 
pcL 700. Consensus sequences 
(CAT box, TATA box and 
polyadenylation signals) are 
underlined. The transcriptional 
start point as determined by R N A  
protection experiments is 
indicated by an arrow as are the 
two polyadenylation sites. Motifs 
homologous to the enhancer core 
sequence are boxed  
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Fig. 3. Determination of the transcriptional start site by RNA 
protection experiments. The lower part of the figure shows the 
region of clone g1700/5 containing the first exon and part of the 
first intron of the ST-LSI gene. For the RNA protection experi- 
ments an RNA homologous to the HindIII-EcoRI or HindIII-XbaI 
fragments was synthesized using appropriate SP6 vectors and SP6 
RNA polymerase (Melton et al. 1984). After hybridization to po- 
tato RNA, the hybrids were treated with RNAse A and RNAse 
T1 and separated on a 6% acrylamide sequencing gel using the 
sequence reactions of a defined clone as size markers (lanes A, 
C, G); the sizes of the three largest protected fragments are given 
in nucleotides. Lane 1, leaf poly(A) + RNA from potato protected 
by an RNA synthesized from the HindIII-EcoRI fragment; lane 
2, leaf poly(A) + RNA from potato protected by an RNA synthe- 
sized from the HindIII-XbaI fragment; lane 3, tuber poly(A) + 
RNA from potato protected by an RNA synthesized from the 
HindlII-XbaI fragment 

ment containing the complete coding sequence of ST-LS1 
as well as 5' upstream and 3' downstream sequences was 
subcloned and characterized by sequencing. This 4.7 kb 
fragment also contains a 3.0 kb HindIII fragment which 
is responsible for the prominent hybridization signal seen 
in genomic hybridization blots using pcL 700 as a probe 
(Eckes et al. 1985). For all gene transfer experiments, the 
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4.7 kb EcoRI-HindIII clone was used after being tagged 
by exon modification (cf. Fig. 1 and below). 

The sequence of the genomic ST-LS1 gene with about 
1,600 nucleotides in front and 300 nucleotides downstream 
of the coding region is shown in Fig. 2 with the correspond- 
ing data obtained for the cDNA clones. 

Determination of the transcription start site. Northern blot 
analysis using different fragments of the lambda clone 
g1700/5 indicated that the Y-end of the RNA coding part 
of the gene is located in the 1.7 kb EcoRI-HindIII fragment 
X (cf. Fig. 1). In order to determine the transcription start 
site more accurately, RNA protection experiments were 
performed using the SP6 system (Melton et at. 1984). The 
results are shown in Fig. 3. The longest fragment protected 
has a size of 160 nucleotides and defines a transcription 
initiation site as indicated in Fig. 2. In addition to this long 
fragment there are other minor fragments of shorter length 
which are probably due to premature termination of the 
SP6 polymerase (Melton et al. 1984). No protected RNA 
is seen when RNA from potato tubers is used for hybridiza- 
tion (lane 3) thus demonstrating the specificity of the assay. 

Structure of  the ST-LS1 gene. Comparison of genomic and 
eDNA sequences (cf. Fig. 2) reveals the presence of four 
introns of varying size (cf. Fig. 1 for a more schematic view 
of the gene). The exon-intron junctions are all in agreement 
with the GT-AG rule. The longest open reading frame al- 
lowed by the exons starts with the ATG at position + 26 
and ends at position + 439 which would result in a protein 
of 138 amino acids. Whether this sequence actually encodes 
a protein in plant cells is not known. The deduced amino 
acid sequence does not show any similarity to published 
protein sequences. The 3' untranslated region of the gene 
contains two sequences which can serve as poly(A) addition 
sites. In both cases the poly(A) addition site is preceded 
directly by four T residues. In addition the sequences 
GATTAA and GATAA are found 24 and 26 nucleotides 
in front of  the poly(A) addition sites: these sequences have 
a high homology to the consensus sequence GATAA or 
TATAA found 20-30 nucleotides in front of the poly(A) 
addition sites in most plant or animal genes (Messing et al. 
1983). In the 5' upstream region of the gene the sequences 
TAAATAAT (TATA box) and CAAGTCATC (CAT box) 
are found at positions - 2 6  and - 7 2 .  In addition the 5' 
upstream region contains four motifs of seven nucleotides 
which have a striking homology to the enhancer core se- 
quence (cf. Fig. 2) first found in animal retroviruses (Weiher 
et al. 1983). 

One unexpected finding is the fairly high number of 
differences between the nucleotide sequences of the cDNAs 
and of the genomic clone. Indeed nine nucleotide exchanges 
and an insertion of ten nucleotides are observed in the geno- 
mic clone relative to the cDNA sequence. This number is 
far too high to be explained by errors due to the reverse 
transcriptase during cDNA cloning. We have no explana- 
tion for this observation and realize that it to some extent 
contradicts the evidence listed above indicating that ST-LS1 
is a single copy gene. However functional analysis (see be- 
low) shows that this gene is highly expressed in transformed 
shoots thus clearly proving that the isolated genomic clone 
represents an active gene. One possible explanation might 
be that the cDNAs were isolated from a diploid potato 
plant whereas the genomic clone was isolated from a hap- 
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loid potato plant. The haploid line is derived from a recent 
crossing involving the diploid line as one of the parents; 
it is therefore possible that the cDNAs originated from a 
different allele of the ST-LS1 gene to the genomic clone. 
A similar unexpected high number of differences between 
a genomic and a cDNA clone has recently been described 
for the sucrose synthase gene from maize (Werr et al. 1985). 

Analysis of the expression of a modified derivative of the 
ST-LS1 gene in transformed potato and tobacco shoots 

Tagging of the ST-LSI gene. One of the main problems 
with regard to the assay of the expression of a defined 
gene in an homologous host is the distinction between the 
expression of the transferred gene and that of the resident 
gene already present in the plant. In most cases this problem 
is solved by constructing a chimaeric gene consisting of 
regulatory sequences of  the gene to be analysed and a cod- 
ing region for a readily assayable product such as the chlor- 
amphenicol acetyltransferase (Gorman et al. 1982). 

A different strategy was used in the experiments de- 
scribed here. The ST-LS1 gene was tagged by inserting, 
via NdeI linkers, a 470 bp PvuII fragment of gene 2 of 
the T-DNA of the octopine Ti-plasmid pTi ACH 5 (cf. 
Gielen et al. 1984) into the unique NdeI site of the last 
exon (Fig. 1). This DNA segment was chosen because it 
does not show any homology to potato or tobacco DNA 
(data not shown). In addition the RNA made from the 
coding strand of this fragment can be maintained stably 
in plant cells as a part of RNA 2 of octopine tumours 
(Willmitzer et al. 1983). Successful expression of the chi- 
maeric gene in transformed plant tissue should result in 
a chimaeric RNA 470 nucleotides longer than the RNA 
made from the resident gene. This chimaeric RNA can be 
specifically probed for using the 470 bp fragment inserted 
into the gene. On the other hand both the RNA transcribed 
from the resident gene and that from the transferred gene 
can be assayed simultanously using part  of the coding re- 
gion of the gene as a probe. Finally, this exon modification 
would not affect potential regulatory sequences in the 5' 
or 3' vicinity of the coding region or in the intact introns 
(Gillies et al. 1983). 

Introduction of the modified gene into potato and tobacco. 
In order to transfer the modified ST-LSI/470 gene into 
plants it was first inserted into the Ti-plasmid pGV3851 
(Zambryski et al. 1983) by homologous recombination. The 
presence of the modified ST-LSI/470 gene in the T-DNA 
region was confirmed by Southern blot analysis of total 
Agrobacterium DNA (data not shown). Subsequently discs 
of potato tuber or leaf discs of tobacco were infected with 
this Agrobacterium strain. Shoots appearing as a conse- 
quence of the action of gene 4 in pGV-3851 (Joos et al. 
1983) were screened for nopaline synthase activity. In each 
case several independently obtained shoots were processed 
for expression analysis. 

The modified ST-LS1/470 gene produces an abundant RNA 
of about 1,200 nucleotides in transformed potato shoots. To 
test whether the chimaeric construction ST-LS1/470 was 
expressed in transformed potato shoots, RNA was isolated 
from two transformed and two untransforrned potato 
shoots, pooled and analysed for transcripts homologous 
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Fig. 4. Northern blot analysis of transformed and untransformed 
potato shoots for the presence of ST-LS1- and ST-LSl/470-derived 
fragments. Poly(A) + RNA (2 gg) isolated from two potato shoots 
transformed with ST-LSl/470 (lanes 1, 4), or with a derivative 
in which the Y-terminal EcoRI-HindIII part of the gene had been 
deleted (lane 3), and from untransformed potato shoots (lanes 2, 
5) was separated on 1.5% denaturing formaldehyde gels. Hybrid- 
ization was against either the 470 bp fragment (lanes 4, 5) or a 
cDNA containing part of the coding region of the ST-LS1 gene 
(lanes 1-3) after transfer onto nitrocellulose filters 

to the 470 pb fragment in a northern blot experiment 
(Fig. 4). Using the 470 bp fragment as a probe a band of 
approximately 1,200 nucleotides is visible only with RNA 
isolated from the ST-LS1/470 transformed potato shoots 
(Fig. 4, lane 4). No RNA hybridizing to the 470 bp frag- 
ment is visible in lane 5 containing RNA isolated from 
an untransformed control. The size of  the RNA hybridizing 
to the 470 bp fragment indicates that this RNA is made 
from the chimaeric gene and is correctly spliced and pro- 
cessed. In addition the production of this RNA is dependent 
on 5' upstream regions of  the ST-LSi gene, since the dele- 
tion of the 1.7 kb EcoRI-HindIII fragment X containing 
the 5' upstream sequences as well as the 5' proximal part 
of the coding region (cf. Fig. l) does not lead to the forma- 
tion of chimaeric RNA in transformed potato shoots 
(Fig. 4, lane 3). 

Figure 4 (lanes 1-3) shows the autoradiogram of the 
same Northern blot after hybridization with a clone con- 
taining part of  the coding region of the ST-LS1 gene. In 
all three lanes an RNA of 700 nucleotides (Eckes et al. 
1985) derived from the resident gene is observed. These 
data therefore demonstrate that a chimaeric RNA is synthe- 
sized from the modified ST-LSI/470 gene in transformed 
potato shoots. 

The relative expression of the transferred ST-LS1/470 gene 
as compared to the expression of the endogenous gene varies 
significantly in independent transformants. The experimental 
results shown in Fig. 4 were obtained by pooling the RNA 
from two independently transformed potato shoots. In 
order to determine whether the level of expression varies 
in independent transformants, RNA from five indepen- 
dently transformed potato shoots was analysed by northern 
blot experiments. The data are shown in Fig. 5 a, upper 
part. All transformants display two RNAs differing in size 
by about 470 nucleotides when probed with the coding se- 
quence of the ST-LS1 gene. However the ratio of the 
amounts of both RNAs varies significantly, from about 
equal (Fig. 5a, lane 4) to differences of 50- to 100-fold 
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Fig. 5. a Variability in the level of expression of the transferred 
ST-LS1/470 gene compared to the expression of the resident gene 
in independent transgenic potato shoots. Total RNA (100 Ixg) iso- 
lated from leaves of five independent ST-LS1/470 transformants 
(lanes 1-5) was separated by gel electrophoresis and transferred 
onto nitrocellulose. It was analysed for RNA derived from the 
resident ST-LS1 gene and from the added ST-LS1/470 derivative 
(upper part) by using a partial cDNA clone containing part of 
the coding region of ST-LSt as a probe. The lower part of the 
figure shows the same blot after probing for RNA derived from 
the nopaline synthase gene. b Expression of ST-LSl/470 is light 
inducible in transformed potato shoots. Total RNA (100 Ixg) iso- 
lated from transgenic ST-LS1/470 shoots of potato was probed 
for ST-LS1- or ST-LS1/470-derived RNA (cf. a). RNA was isolated 
from clonal shoots kept for 10 days in the dark (lanes 3, 4, upper 
part) or put back into light for 2 days (lanes 1, 2, upper part). 
The same blot was subsequently probed for RNA derived from 
the co-transferred nopaline synthase gene (lower part) 
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Fig. 6. a Variation in the level of expression of the ST-LS1/470 
gene in leaves of transformed tobacco shoots. Total RNA (100 I~g) 
isolated from leaves of non-transformed tobacco plants (lane 1) 
and from five independent clonal transgenic tobacco shoots (lanes 
2-6) was analysed for expression of the resident tobacco gene ho- 
mologous to ST-LSt as well as for the expression of the modified 
potato gene ST-LS1/470 (upper part) as in Fig. 5a. The lower part 
shows the same blot after hybridizing with a nopaline synthase 
probe, b Expression of ST-LS1/470 is light inducible in transgenic 
tobacco shoots. Total RNA (100 gg) isolated from leaves of an 
ST-LS1/470-transformed tobacco plant was probed for expression 
of the resident gene homologous to ST-LS1 and ST-LSl/470 as 
described in Fig. 5. Lane 2 (upper part), RNA isolated from the 
plant kept in the dark for 10 days; lane t (upper part), RNA iso- 
lated from leaves of the same plant after being put back into light 
for 2 days. The lower part of lanes 1 and 2 shows the same blot 
after hybridizing with a nopaline synthase probe 

(Fig. 5a, lanes I and 3). Southern blot analysis of  the D N A  
of  the transformed potato shoots showed no correlation 
between the level o f  expression and the copy number of  
the transferred genes (data not shown). Another  explana- 
tion for this variation is random integration o f  transferred 
genes, putting them under the influence of  different neigh- 
bouring plant sequences. I f  this were the only reason for 
the variation, the level of  expression of  genes cotransferred 
with the ST-LS1/470 gene, such as the nopaline synthase 
gene carried by the vector pGV3851, should vary in the 
same manner. In order to test this, the same R N A  blot 
was hybridized to a probe specific for the nopaline synthase 
gene. The results shown in Fig. 5 a, lower part, demonstrate 
that the relative expression of  the nopaline synthase gene 
does not always parallel that  of  the ST-L1S/470 gene. This 
therefore indicates that position effect cannot be an exclu- 
sive explanation for the variation observed. 

Expression of the ST-LS1/470 gene is light dependent. The 
above results demonstrate that the D N A  sequences con- 
tained in ST-LSI/470 are sufficient to determine high-level 
expression of  the transferred gene in transgenic potato 
shoots. It has been shown previously that expression of  
the resident gene is light-dependent, chloroplast-associated 
and organ (leaf/stem)-specific (Eckes et al. 1985). To test 
whether the expression of  the modified gene is similarly 
controlled, the influence o f  light was analysed. R N A  was 
isolated from several independent transformants which had 
been kept in the dark for 5 days (Fig. 5 b, upper part, lanes 

3, 4) and subsequently put back into the light for 2 days 
(Fig. 5b, lanes 1, 2). The expression of  ST-LS1/470 is clearly 
light dependent in the same manner as that o f  the endoge- 
nous gene. The specificity of  the light induction for both 
of  these genes is demonstrated by the fact that the expres- 
sion of  the nopaline synthase gene is not  influenced by 
light as measured by R N A  blot (cf. Fig. 5b, lower part). 

High-level, light-dependent expression of ST-LS1/470 is also 
observed in tobacco, a heterologous plant. In order to analyse 
whether the expression of  the modified ST-LS1/470 gene 
is influenced by the host plant, experiments similar to those 
described above were performed using transgenic tobacco 
shoots. Using the coding sequence of  ST-LS1 as a probe, 
a single R N A  of  about 700 nucleotides was found in leaves 
of  untransformed tobacco (Fig. 6a, lane 1), indicating that 
a gene homologous to ST-LS1 is also expressed in tobacco. 

R N A  isolated from leaves of  transgenic tobacco shoots 
contains two species with molecular weights of  700 and 
1,200 nucleotides hybridizing to a probe for the coding re- 
gion of  ST-LS1 (Fig. 6a, lanes 2-6). The larger R N A  species 
again hybridizes specifically to the 470 bp fragment (data 
not  shown) indicating that the transferred ST-LS1/470 gene 
is active in transgenic tobacco shoots. Figure 6a, lanes 2-6, 
shows the hybridization obtained with five independently 
derived transgenic tobacco shoots using the coding se- 
quence of  ST-LS1 (Fig. 6a, upper part) or of  the nopaline 
synthase gene (Fig. 6 a, lower part) as the probe. Two con- 
clusions can be drawn from these data:  (1) The hybridiza- 
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tion intensity obtained with the RNA made from the ST- 
LS1/470 gene in transgenic tobacco shoots can be as high 
as the intensity obtained with the RNA from the resident 
gene (cf. Fig. 6 a, lanes 3 and 5). (2) The relative levels of 
expression of the transferred and the resident gene vary 
considerably (Fig. 6 a, lanes 2-6) and are not linked to the 

�9 expression of the nopaline synthase gene. As was the case 
in potato, expression of ST-LS1/470 in tobacco is light de- 
pendent (Fig. 6b) and is induced simultaneously with the 
equivalent resident gene. In contrast no influence of light 
was observed for the expression of the nopaline synthase 
gene. 

Discussion 

ST-LS1, a single-copy gene from potato, which displays 
a leaf/stem-specific and light-inducible pattern of expres- 
sion, was isolated from a genomic library and its physical 
structure was determined by comparison of the sequences 
of different cDNAs with that of a genomic clone. The tran- 
scriptional start site was determined by RNA protection 
experiments. ST-LS1 is a split gene composed of five exons. 
The open reading frame could code for a protein of 138 
amino acids. The 5' upstream region of the gene contains 
motifs homologous to the TATA and CAT box consensus 
sequences. In addition four sequence elements resembling 
enhancer core structures were found. Analysis of different 
cDNAs showed that two different polyadenylation sites are 
used. 

A tagged derivative of  the gene was reintroduced into 
both a heterologous (tobacco) and a homologous (potato) 
plant using Agrobaeterium Ti-plasmid based vectors. The 
type of tagging chosen, i.e. the insertion of a foreign piece 
of DNA into an exon, allows a direct comparison between 
the expression of the newly introduced gene and that of 
the equivalent resident gene in the same plant, thus avoiding 
difficulties arising from differences in the physiological state 
of different explants. Furthermore this method is not 
biassed by any preconceived notion of the location of regu- 
latory sequences. The results show that the transferred seg- 
ment of genomic DNA contains all the information neces- 
sary for a high level of expression as well as for light induci- 
bility. The introduction of the 470 bp fragment into the 
last exon resulted in the production of a chimaeric RNA 
of about 1,200 nucleotides. Since the size of the chimaeric 
RNA is in agreement with the expected increase of 470 
nucleotides we conclude that the chimaeric gene must have 
been correctly spliced and processed. That the expression 
of the newly introduced gene was actually driven by its 
own promoter was indicated by the fact that a deletion 
of the promoter region and of part of  the first exon resulted 
in a complete disappearance of this chimaeric RNA (cf. 
Fig. 4, lane 3). 

One of the most important results is the high level of  
expression of the reintroduced gene as compared to the 
resident gene. Thus in three out of eight independently 
transformed potato shoots, and in three out of six cases 
analysed of independent transgenic tobacco shoots, the 
amount of RNA transribed from the added gene was about 
as high as that from the resident gene (cf. Figs. 4-6). In 
experiments reported previously (see Introduction) chi- 
maeric genes were reintroduced in relatively distant species 
(e.g. from pea into tobacco or petunia, Broglie et al. 1984; 
Herrera-Estrella et al. 1984; Morelli et al. 1985; or from 

bean into tobacco, Sengupta-Gopalan et al. 1985). In these 
cases the level of  expression of the introduced gene was 
lower when compared to that of the equivalent endogenous 
gene. One instance of introduction of a gene into its homol- 
ogous plant, using a chlorophyll a/b gene from petunia, 
has been reported (Jones et al. 1985). It was found that 
in some transgenic plants the level of expression of the 
added gene reached nearly half the level of the resident 
gene. However, the proportion of transgenic plants express- 
ing the introduced gene at a high level relative to those 
expressing at a low level was 1 out of 20. 

The following explanations could account for our re- 
sults. First of all these constructions differ from other con- 
structions in that the modification of the gene was kept 
as small as possible, thereby leaving intact all other possible 
regulatory regions which might be located in introns (cf. 
Gillies et al. 1983). These regions might be important for 
transcriptional as well as for post-transcriptional processes. 
Since we analysed steady-state RNA we cannot differentiate 
between these possibilities. 

The presence of sequences other than the 5' upstream 
signals however cannot be the only explanation for the ob- 
served high level of expression. Thus when a completely 
unmodified ssRubsico gene from pea was transferred to 
petunia, a 50-fold drop in the level of expression was ob- 
served (Broglie et al. 1984). This experiment therefore ex- 
cludes the possibility that the presence of the intact gene 
as such is sufficient to get high level expression and points 
to the possible role played by the host in determining the 
level of expression of introduced genes. However the data 
reported in this paper do not show any significant difference 
in the level of expression of the same gene introduced in 
either an homologous (potato) or a heterologous (tobacco) 
host. No significant influence of the host was also reported 
for the expression of a chimaeric chlorophyll a/b gene from 
petunia after transfer into petunia and tobacco (Jones et al. 
1985). Thus it seems that at least two factors are important, 
i.e. maximum conservation of the gene structure as well 
as evolutionary relatedness between the plant from which 
the gene originates and the plant serving as a host for the 
transferred gene. 

Due to the fact that the expression of the new gene 
can be directly compared to the expression of the resident 
gene on the very same RNA blot, physiologically deter- 
mined differences in the level of expression in different inde- 
pendent transgenic plants are normalized. Thus the ob- 
served variation in the relative level of expression of the 
added versus the resident gene must be due to other factors. 
Since all transformants analysed contain two to five copies 
of the added gene as estimated by Southern blot analysis/ 
reconstruction �9 (data not shown), the variation 
in levels of expression cannot be due simply to different 
copy numbers. Therefore the more likely explanation for 
the observed variation is that the random integration of 
foreign DNA will bring the chimaeric genes into different 
chromosomal environments which can influence their ex- 
pression. The existence of a position effect is well known 
from studies in Drosophila (Spradling and Rubin 1983). 
However the observation that the relative expression of a 
second linked and cotransferred gene (nopaline synthase) 
does not always parallel the variation of the ST-LSI/470 
gene, although both genes are separated by only 6 kb, 
argues against a position effect as the sole factor responsible 
for the observed variation. 



21 

As outl ined in the In t roduct ion,  ST-LS1 was isolated 
using a strategy which should yield (preferentially) single- 
copy genes which are under  strict developmental  control.  
In addi t ion  to being under  developmental  control  this gene 
is also light inducible. As  shown in Figs. 5 and 6 the trans- 
ferred segment o f  D N A  carrying ST-LSI  also carries all 
the necessary signals conferring light inducibil i ty on its ex- 
pression. This trait  has previously been observed to be asso- 
ciated with 5' ups t ream regions for several ssRubisco genes 
(Herrera-Estrel la  et al. 1984; Morell i  et al. 1985) as well 
as for the chalcone synthase gene (Kaulen et al. 1986) and 
a gene encoding chlorophyll  a /b  binding protein  from pea 
(Simpson et al. 1985). The fact that  for  ST-LSI light induci- 
bil i ty is again control led by sequences close to the structural  
gene makes  it l ikely that  this might  be a general phenome-  
non of  light inducibility. As a final poin t  in our  analysis 
we compared  the level of  expression of  the chimaeric gene 
in a homologous  (potato)  versus a heterologous back- 
ground (tobacco).  The da ta  indicate that  in these two re- 
lated plants  there is no significant difference in either the 
quanti ta t ive or  the quali tat ive level of  expression. 
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