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ABSTRACT ST-LS1 is a light-inducible, single-copy gene
from potato that is expressed only in photosynthetic tissues.
Various sequences derived from the 5’-upstream region of this
gene were fused to the coding region of the chloramphenicol
acetyltransferase (CAT) gene and to the gene 7 termination
region of the transfer DNA (T-DNA) from the Agrobacterium Ti
plasmid pTiACHS and transferred to tobacco using Ti-plasmid
vectors. After regeneration of whole plants, tissues were
assayed for the expression of the CAT gene. Sequences derived
from the 5'-upstream region of the ST-LSI gene comprising
positions —334 to +11 were sufficient to confer a leaf/stem-
specific as well as a light-inducible expression of the CAT gene.
Destruction of chloroplasts by treatment with the herbicide
norfluorazon and subsequent exposure to light drastically
reduced the expression of the CAT gene indicating that this
upstream sequence most likely interacts with a chloroplast-
dependent signal. When sequences from position —98 to
position +675 were fused to a truncated inactive fragment of
the cauliflower mosaic virus 35S promoter in a head-to-head
manner, the corresponding chimeric genes were again ex-
pressed in photosynthetic tissues only, indicating that these
sequences have enhancer-like properties.

Differential gene expression in higher plants is controlled by
environmental as well as by developmental factors. Poly-
somal RNA sequences of various vegetative organs such as
leaf, root, or stem contain at least 6000-11,000 mRNA
species that cannot be detected in polysomes of other organs.
The organ-specific expression of a large number of these
genes is most likely controlled at the level of transcription (1,
2).

We are studying factors involved in developmentally
controlled gene expression. To this end we have isolated
several genes from potato that are expressed specifically
during development. The expression of one of these genes
(named ST-LSI) is restricted to photosynthetic tissues
(leaf/stem) and is light inducible (3, 4). A single copy of this
gene was detected in the haploid genome of potato (4). This
is in contrast to otherwise similar genes encoding either the
small subunit of the ribulose-1,5-bisphosphate carboxylase
(rbcS) or the chlorophyll a/b binding protein (/hcp) that are
members of fairly large gene families (5, 6). Genes encoding
the rbcS or the lhep proteins isolated from pea and wheat as
well as the chalcone synthase from Antirrhinum majus have
been used in gene-transfer experiments to define cis-active
regulatory elements important for light-dependent gene
expression (7-10). .

To approach as much as possible the normal conditions
that prevail in photosynthetic tissues such as leaves and
stems, our analysis was based primarily on gene-expression
studies in fully developed transgenic plants. This is in
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contrast to the studies mentioned above that were mainly
performed on callus or teratoma-like tissue.

We have shown before that the expression of the ST-LS/
gene is qualitatively and quantitatively very similar in
transgenic potato or tobacco plants (11). Therefore, for
reasons of experimental convenience, we chose to use
tobacco as a host for the gene-transfer experiments described
below.

MATERIALS AND METHODS

Recombinant DNA Techniques. Standard procedures were
used for recombinant DNA work (12).

Isolation and Analysis of Nucleic Acids. Isolation of RNA
and DNA from plants and from Agrobacteria and their
subsequent analysis by blot hybridizations were performed
as described (4, 13).

Transformation of Tobacco Plants with Various Chimeric
Genes. Chimeric genes consisting of various 5'-upstream
segments of the ST-LSI gene, the chloramphenicol acetyl-
transferase (CAT)-coding region and the termination region
of the gene 7 of the transfer DNA (T-DNA) of the Ti plasmid
ACHS (14) were cloned into the intermediate vector
pMPK110 (4) and mobilized into the Agrobacterium receptor
strain C58C1 (pGV3850kan) as described (13). Transforma-
tion and regeneration of tobacco plants followed established
procedures (13). All manipulations were performed accord-
ing to the ‘‘Richtlinien fiir den Umgang mit neu-kombinierten
Nukleinsauren’ of the Bundesministerium fiir Forschung
und Technologie.

CAT Assays. Plant extracts were assayed for CAT activity
essentially as described (15) using 0.25 M Tris-HCI (pH 7.5)
as buffer throughout.

Induction of Callus Tissue. For induction of callus tissue
leaf discs of transformed plants were put onto basic MS
medium (16) supplemented with naphthylacetic acid at 1
mg/liter and benzylaminopurine at 0.2 mg/liter. Growing
callus tissue was subcultured every 3 weeks on the same
medium and kept under a dark/light regime of 8 hr of dark/16
hr of light.

RESULTS

Transgenic Tobacco Plants with Genes Containing the CAT
Gene Fused to Different Deletions of the 5'-Upstream Region of
the ST-LSI Gene. Chimeric genes were constructed by
cloning three fragments of the 5’-upstream region of the
ST-LSI gene into EcoRI-Sma I-digested pMPK110 plasmid
DNA. At the 3’ end the fragments terminated at position +11
of the ST-LSI gene, whereas they extended to positions

Abbreviations: CAT, chloramphenicol acetyltransferase; T-DNA,
transfer DNA.
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—130, —334, and —1600 at their respective 5’ ends. A
BamHI-EcoRI fragment containing the coding region of the
Tn9-CAT gene as well as the termination region of gene 7 of
the pTIACHS T-DNA (14) was subsequently inserted using
the Sal I site of the polylinker region behind the various 5’
fragments. The resulting constructions contain an untrans-
lated leader of 78 nucleotides in front of the ATG of the CAT
gene composed of 11 nucleotides derived from the 5'-
untranslated leader of the ST-LS1 gene and of 67 nucleotides
originating from both the polylinker region and the original
leader of the CAT gene.

A schematic view of the various constructions is shown in
Fig. 1. The construction O-CAT consists of the CAT coding
region and of the termination fragment without any 5’
sequences of the ST-LSI gene and serves as a control.

The various constructs were mobilized into ‘‘disarmed’’
(cf. ref. 24) Agrobacterium strains, and transgenic plants
were obtained by using a leaf-disc infection procedure.
Regenerated plants were shown to contain the correct struc-
ture of the transferred gene by Southern blotting (data not
shown), and only the plants that contained at least one copy
of the intact nonrearranged gene were used for further
analysis.

" A Segment of 130 Nucleotides of the 5’-Upstream Region Is

Not Sufficient for Expression of the CAT Gene in Transgenic
Plants. For each construct, leaves of five independently
derived transgenic plants were assayed for the CAT enzyme.
As expected no activity was observed with the promoterless
O-CAT construction (data not shown). More interestingly,
however, we were also unable to detect any activity with the
construction carrying 130 nucleotides of the 5’'-upstream
region fused to the CAT gene (130-CAT) (data not shown),
although the TATAAA and the CAAT boxes are contained in
this fragment. As this result does not exclude the possibility
that this construct could be active in other organs, we decided
to test the activity in stem and root tissue of several
transgenic plants. No activity was detected in five indepen-
dent transgenic plants tested (data not shown).

As shown in Fig. 2, the constructs carrying 334 and 1600
nucleotides of the 5'-upstream region fused to the CAT gene
(334-CAT and 1600—-CAT, respectively) are active in tobacco
leaves, although the relative activity in individual transform-
ants varied considerably. By assaying pooled extracts of 30
independently transformed plants for each construct, evi-
dence was obtained that the 1600—CAT construct was ex-
pressed at ~3-fold higher level than the 334-CAT construct
in leavés of transgenic tobacco plants (data not shown).

A Segment of 334 Nucleotides of the 5'-Upstream Region of
the ST-LS1 Gene Is Sufficient to Confer Organ-Specific Expres-
sion to Chimeric CAT Genes. As outlined above the ST-LS]
gene is expressed organ specifically in photosynthetic
(leaf/stem) tissues of potato plants. Leaf, stem, and root
tissue of transgenic tobacco plants were, therefore, analyzed
for expression of the various chimeric genes. The CAT
assays in Fig. 3 show that the 1600—-CAT and the 334-CAT
constructs are highly expressed in leaves and moderately
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FiG. 1. Schematic structure of CAT chimeric genes under the
control of various fragments of the 5'-upstream region of the ST-LS!
gene. The various 5'-upstream fragments of the S7-LS/ gene that
have been fused to the CAT gene are shown. The poly(A) addition
site of gene 7 of the T-DNA of pTiACHS (14) was used in all
construction.
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F1G. 2. CAT assays of leaf extracts of each of five independently
obtained transgenic tobacco plants transformed with either the
334-CAT or 1600—CAT. Extracts assayed for CAT activity were
adjusted to same amounts of protein.

expressed in stems, but no activity above background was
detected in roots. This organ-specific expression was con-
sistently observed in 9 out of 10 transformants tested with one
exception, a 334—CAT transformant where stem tissue dis-
played a higher CAT activity than leaf tissue (data not
shown). In all cases the extracts assayed for CAT activity
were adjusted for similar protein content. The same result in
terms of organ-specific expression was obtained when anal-
ysis was performed by RNA gel blot experiments (data not
shown). The expression of the ST-LS1 gene has been shown
to be low in undifferentiated white callus tissue (3). To
determine how the chimeric genes would be expressed under
these circumstances callus containing either the 334-CAT or
the 1600—CAT construct was initiated from leaf tissue of
transgenic plants that had been shown to express the CAT
gene. The results in Fig. 3 show that in both cases the CAT
activity in callus tissue is low compared to leaf tissue. Again
no expression was detected in calli containing the 130-CAT
construct (data not shown).

A Segment of 334 Nucleotides of the 5’-Upstream Region of
the ST-LSI Gene Is Sufficient to Confer Light-Inducible
Expression to Chimeric Genes. Fig. 4 shows the activity of the
1600-CAT and of the 334-CAT constructs in leaves of
plantlets that were either kept in the dark for 10 days or put
back into light for 2 days after the dark treatment. In all
transformants analyzed, the CAT activity increases consid-
erably after light treatment although the extent of the relative
induction rate varied from 4-fold to >20-fold (data not
shown). '

Expression of the Chimeric ST-LSI-CAT Constructs Re-
quires Intact Chloroplasts. The expression of the ST-LS1 gene
is restricted to photosynthetic green tissue (3). The herbicide
norfluorazon, an inhibitor of carotenoid biosynthesis, leads
to a selective damage of chloroplast structure as a result of
photooxidation when the tissue is exposed to strong white
light (17). Expression of nuclear-encoded cytosolic and
glyoxisomal genes and mitochondrial genes is largely unaf-
fected by the norfluorazon treatment (18, 19). It can, there-
fore, be used to analyze the importance of chloroplast
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FiG. 3. Developmentally specific expression of 334-CAT and
1600-CAT constructs in leaf, stem, root, and leaf-derived callus
tissue of transgenic tobacco plants. CAT assays were performed
using extracts from leaf (L), stem (S), root (R), and leaf-derived
callus (C) tissue. The activity of callus (C) tissue should be compared
to the activity of leaf tissue shown in the accompanying lane (L).
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FiG. 4. Effect of light and norfluorazon treatment on 334—-CAT
and 1600-CAT expression. CAT assays were performed on leaf
tissue of plants that were kept in dark for 10 days (lanes D) and then
put back into light for 2 days (lanes L) or grown in a light/dark rhythm
of 16 hr of light and 8 hr of dark in either the presence (+) or absence
(=) of 1 uM norfluorazon. Extracts were adjusted to equal amounts

of protein.

structure on the expression of nuclear-encoded genes (20).
The data of Fig. 4 show that treatment of transgenic tobacco
plants with norfluorazon in white light leads to a drastic
reduction in expression of the 334—CAT construct. To further
elucidate the nature of this effect, green and white tissue
segments of the same leaf obtained after norfluorazon treat-
ment were analyzed for expression of the 334—CAT con-
struct. A high CAT activity was detected in the green areas
of the leaf whereas a much lower level was observed in the
white areas (data not shown). This result indicates that
irrespective of the exact nature of the signal(s) for the
chloroplast-controlled expression of the ST-LSI gene, its
action seems to be restricted to the cells where it is produced.

5’-Upstream Sequences Controlling the Differential Expres-
sion of the ST-LSI Gene Have Enhancer-Like Properties.
Many regulatory elements of yeast and animal genes can
function in a bidirectional manner (21). Such elements were
also detected in rbcS genes (9, 22) and in the gene encoding
a chlorophyll a/b binding protein from pea (23).

We, therefore, decided to test whether or not the regula-
tory region important for the differential expression of the
ST-LS1 gene as defined by deletion analysis would also work
when fused to a heterologous promoter. A deletion of the 35S
promoter of cauliflower mosaic virus down to position —90
that was fused to the CAT coding region and did not produce
detectable CAT activity in leaves of transgenic tobacco
plants (cf. Fig. 5, lane —) was used. To this truncated and
inactive promoter, we fused a Hincll fragment containing the
S’-upstream region of the ST-LS! gene from position —98 to
position —675. To be able to directly test whether or not this
Hincll fragment contains enhancer-like elements, it was
fused in a head-to-head fashion to the truncated 35S promoter
fragment, this construct was subsequently transferred into
tobacco cells, and whole plants were regenerated. The results
shown in Fig. 5 demonstrate that the addition of the Hincll
fragment from the ST-LS1 gene to the truncated 35S promoter
results in an organ-specific expression of the chimeric CAT
gene. Furthermore, both light inducibility and dependence on
chloroplast structure were displayed (data not shown). As the
Hincll fragment was fused in a head-to-head manner to the
35S promoter fragment, these results indicate that the ele-
ments of the ST-LS! gene controlling its differential expres-
sion display enhancer-like activities.

DISCUSSION

Various parts of the 5'-upstream region of the ST-LS/ gene,
a developmentally controlled gene from potato that is limited
in its expression to photosynthetic tissues, have been fused
to the coding region of the CAT gene of Tn9 and ligated with
the terminator region of gene 7 of the T-DNA. Chimeric genes
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Fi1G. 5. Schematic structure and developmental-specific expres-
sion of a chimeric CAT gene containing regulatory sequences of the
5'-upstream elements of the S7-LS/ gene fused to a truncated
fragment of the 35S promoter of the cauliflower mosaic virus. A
segment from position —98 to position —675 was fused to the
truncated promoter fragment of the 35S promoter of cauliflower
mosaic virus (containing position —90 to position +2) and connected
by way of a transcriptional fusion to the CAT coding region and the
terminator region of gene 7 of the T-DNA. Leaf (L), stem (S), and
root (R) tissue of tobacco plants transformed with this construct (+)
as well as leaf tissue (lane —) of plants transformed with the construct
devoid of the upstream element of the ST-LS/ gene were assayed for

CAT activity.

have been transferred into tobacco cells using Agrobacterium
vectors, and whole plants have been regenerated.

Although sequences up to position —130 contain several
elements considered to be of prime importance to the
expression of plant genes, such as the CAAT box and the
TATA box, chimeric 130-CAT genes were apparently inac-
tive in leaves, stems, or roots of transgenic plants. The only
tissue where we were able to detect activity was a teratoma-
like tissue obtained by transformation using a partly disarmed
Ti plasmid, pGV3851 (24) (data not shown). Thus the hor-
monal content of the plant cells in this case appears to change
the control of expression exerted by the upstream elements.
This difference in gene expression between completely un-
differentiated or only partly differentiated plant tissue and
whole plants has also been observed for two other plant
genes. Thus, for the chalcone synthase gene from Antir-
rhinum majus (10), expression in whole plants required >600
nucleotides of upstream sequences, whereas much shorter
sequences were enough to drive expression in transformed
calli or teratoma tissue (H. Kaulen, personal communica-
tion). Along the same lines for the rbcS gene E9 from pea,
deletion of 5’-upstream sequences from position —352 to
position —35, which had little or no effect upon already low
expression level in transformed calli (8), led to a drastic
decrease in expression level of the same gene in transgenic
plants (22).

Transgenic tobacco plants carrying 334—-CAT construc-
tions expressed CAT activity in an organ-specific (leaf/stem-
specific) as well as light-inducible manner. Expression was,
however, drastically reduced as a result of damage to the
chloroplast structure by exposing the plant to the herbicide
norfluorazon. Thus the sequence up to position —334 must
contain elements that are important for basic as well as
differential expression. The most important elements seem to
be located on the 5’ upstream side of position —98, since
fusing the sequence from position —98 to position —675 to the
truncated, inactive 35S promoter led to a leaf/stem-specific,
light-inducible, and organ-specific expression of the resulting
chimeric genes in transgenic tobacco plants (¢f. Fig. 5 and
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Table 1. Homology between box II and the 5'-upstream region of the ST-LS! gene

(position —286 to position —296)

(position —143 to position —157)

ST-LSI gene: TGGCAAAAATG
* % % L X X X
Box II: TGGTTAATATG
ST-LS!I gene: TTGATAATGT TGGTAATATTATCTA
LE R X X L L X R 2 23
Box II: GTGTGGT TAATAT

Homologies are indicated by a star. The inverted repeat in the second motif of the ST-LS1 sequences
is indicated by the overbars. The sequence for box II is from ref. 21.

data not shown). When this result is compared to data
obtained for other developmentally regulated plant genes
studied at the whole plant level, certain common features
emerge. Thus for the pea rbcS genes E9 and 3A (22) and the
chlorophyll a/b binding protein gene AB80 (23) sequences
located between positions —80 and —350 are sufficient to
confer an organ-specific expression to chimeric genes con-
sisting of these upstream sequences fused to minimal 35S or
nopaline synthase promoters. Similarly, 5'-deletion mutants
ending at position —257 of the embryo-specific B-conglycinin
gene from soybean retained embryo-specific expression (25).

When the 5'-upstream region fused to the CAT gene was
extended to around position —1600, the resulting chimeric
gene did not differ from the 334—CAT construction in terms
of qualitative expression; however, it was expressed at a
higher level (=3-fold) when compared to the 334-CAT
construct.

The elements located between positions —80 and —350 of
the ST-LS1 gene, the rbcS gene E9 and 3A (22), and the lhcp
gene AB80 (23), which are necessary for differential expres-
sion, have certain enhancer-like properties. Indeed these
sequences can be added to an otherwise inactive, truncated
promoter in a head-to-head orientation giving rise to differ-
ential expression of the resulting chimeric gene. The obser-
vation that deletion of this region will yield an inactive gene
(such as the 130-CAT gene) would in the simplest model
predict that this cis-active sequence interacts with a light- and
chloroplast-dependent activator, thus explaining the organ-
specific expression of genes carrying these upstream ele-
ments. That this model is probably too simple was indicated
by the finding that these enhancer-like elements can also have
silencer-like activities (23).

Data described in this paper and in earlier reports (3, 4, 11)
indicate that the organ-specific expression of the ST-LSI
gene is (supposedly) the consequence of 5'-upstream cis-
regulatory sequences of this gene that require factors pro-
duced in photosynthetically active tissues. Indeed the ST-
LSI gene can be expressed in root tissue provided the
parenchymatic cells of the root contain mature chloroplasts,
which is a spontaneous event in tissue-cultured potato plants
(3). Furthermore, this gene is active not only in leaf tissue but
also in stem tissue. Finally the expression in leaf tissue is
nearly completely abolished if the chloroplasts are damaged
by photooxidative processes as a result of the inhibition of
carotenoid biosynthesis by the herbicide norfluorazon (cf.
Fig. 5 and ref. 11). This gene is, therefore, very similar to the
genes encoding the pea rbcS or the pea chlorophyll a/b
binding protein, which also display a light-induced and
developmentally specific expression restricted to green tis-
sues. It is, therefore, reasonable to assume certain homolo-
gies in the respective 5’ regions of these genes and the ST-LS1
gene. Fluhr et al. (22) have described three motifs that are
highly conserved between rbcS genes of different varieties.
These boxes are located in a region that was important for
developmentally specific and light-inducible expression of
two rbcS genes from pea (22). A search for homology among
these boxes and the sequences contained between positions
—100 and —350 of the ST-LS1 gene revealed two sequences

that have a high degree of homology to box II as defined by
Fluhr et al. (22). Between positions —286 and —296, 8 out of
11 nucleotides are homologous to the corresponding 11
nucleotides of box II. A second region of homology is
observed between positions —143 and —157. In this case 12
out of 15 nucleotides correspond (Table 1). This second
region of homology is contained within a stretch of 28
nucleotides that allows the formation of a hairpin-loop-like
structure composed of nine hydrogen bonds. A functional
test will be needed to determine whether or not this physical
structure is biologically important.
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