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A series of chimeric promoters for higher-level expres-
sion of foreign genes in plants was constructed as fusions
of a gene for f-glucuronidase (GUS) with the terminator of
a gene for nopaline synthase (nos) or of the caulifiower
mosaic virus (CaMV) 35S transcript, and the strength of
these promoters was assayed in transient and stable expres-
sion systems in tobacco and rice. As parts of these pro-
moters, the CaMV 35S core promoter, three different 5'-
upstream sequences of the 35S promoter, the first intron of
a gene for phaseolin, and a 5-untranslated sequence (42 se-
quence) of tobacco mosaic virus were used in various com-
binations. In tobacco and rice protoplasts, all three frag-
ments of the 35S promoter (—419 to —90, —390 to —90
and —290 to —90, relative to the site of initiation of tran-
scription), the intron, and the £ sequence effectively en-
hanced GUS activity. Some chimeric promoters allowed
levels of GUS activity that were 20- to 70-fold higher than
those obtained with the 35S promoter in pBI221. In tobac-
co protoplasts, the two longer fragments of the 35S promot-
er were more effective than the shortest fragment. In rice
cells, by contrast, the shortest fragment was as effective as
the two longer ones. The terminator of the 35S transcript
was more effective than that of the nos gene for gene expres-
sion. In transgenic tobacco plants, a representative power-
ful promoter, as compared to the 35S promoter, allowed
10- and 50-fold higher levels of expression on average and
at most, respectively, with no clear qualitative differences
in tissue- and organ-specific patterns of expression. When
the representative promoter was introduced into tobacco
with a gene for luciferase, the autofluorescence of detached

Abbreviations: CaMV, cauliflower mosaic virus; CAT, chlo-
ramphenicol acetyl transferase; GUS, #-glucuronidase; LUC, luci-
ferase; 4-MU, 4-methyl-umbelliferyl glucuronide; ros, gene for
nopaline synthase gene, PCR, polymerase chain reaction; TMV,
tobacco mosaic virus; X-gluc, S-bromo-4-chloro-3-indolyl glu-
curonide.
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leaves after a supply of luciferin to petioles was great and
was easily detectable by the naked eye in a dark room.

Key words: CaMV 35S promoter — Gene expression —
Rice (Oryza sativa) — Strong promoter — TMV Q se-
quence — Tobacco (Nicotiana tabacum).

Promoters regulate gene expression both quantita-
tively and qualitatively. The regulatory sequences of pro-
moters that define the qualitative specificity of gene expres-
sion in plants have been studied and much information has
accumulated in recent years (Hennig et al. 1994). However,
details of the fine regulation of levels of the expression
of transgenes have not been easy to obtain because of
the limited kinds of promoter available. The cauliflower
mosaic virus (CaMYV) 35S promoter, which has been most
frequently used as a constitutive strong promoter in plants
(Benfey and Chua 1990, Terada and Shimamoto 1990,
Yang and Christou 1990) results in a level of expression
that is insufficient for some purposes. For example, content
of coat protein was only 0.1% of the total leaf protein and
resistance to infection by tobacco mosaic virus (TMV) was
not very great in a transgenic tobacco plant that contained
a chimeric gene composed of the 35S promoter and the
gene for the TMV coat protein (Powell et al. 1986). Be-
cause the level of viral resistance is dependent on the level
of accumulated coat protein (Beachy et al. 1990), resist-
ance should be improved if the level of expression of the
coat protein gene could be increased by use of a promoter
stronger than the 35S promoter. The level of expression of
an introduced antisense gene driven by the 35S promoter
was also found to be insufficient in transgenic plants for
complete inhibition of expression of ADP-glucose pyro-
phosphorylase (Miiller-Réber et al. 1992) and a sucrose
transporter (Reismeier et al. 1994).
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Several other sequences have been reported to enhance
the expression of foreign genes. A 5-upstream region of
the 35S promoter (— 343 to —90) was found to act as an en-
hancer sequence in higher plants (Odell et al. 1988). It con-
tains many types of cis element that confer tissue-specific ex-
pression (Fang et al. 1989, Benfey and Chua 1990). When
this upstream region was used in two tandem repeats as an
enhancer, the level of gene expression increased with in-
creases in the number of regions (Kay et al. 1987, Timmer-
mans et al. 1990, Omirulleh et al. 1993).

Introns in some genes have been postulated to stim-
ulate gene expression by increasing the stability of the cor-
responding mRNAs in the case of both animal cells and
their viruses (Gruss and Khoury 1980, Buchman and Berg
1988, Huang and Gorman 1990). Certain plant introns
have also been shown to increase the level of expression
of homologous or heterologous genes (Callis et al. 1987,
McElroy et al. 1990, Clancy et al. 1994). When the first in-
tron of a gene for phaseolin, a storage protein of the com-
mon bean Phaseolus vulgaris (Slightom et al. 1983), was
inserted in the 5-upstream region of a gene for chlo-
ramphenicol acetyl transferase (CAT), a 10-fold enhance-
ment of gene expression was observed in rice protoplasts
(Hirochika et al. in preparation).

Tobacco mosaic virus (TMV) has a unique G-free se-
quence (2 sequence) in the 5-untranslated region of its
genomic RNA. This sequence was reported to improve the
efficiency of translation in plant, animal and E. coli cells, in
vitro and in vivo (Sleat et al. 1987, Gallie et al. 1991), proba-
bly by preventing the formation of secondary structure of
mRNA and/or enhancing interactions between mRNA and
ribosomes.

The terminator of chimeric genes also plays an impor-
tant role in gene expression by affecting the stability of
mRNA (Ingelbrecht et al. 1989). In plants, the 3-untranslat-
ed region of the CaMYV 358 transcript and that of the gene
for nopaline synthase (nos) in the Ti plasmid (Bevan et al.
1983) are often used as terminators.

Although the individual elements listed above have
been reported to affect gene expression, there have been no
reports on the effects of combinations of these sequences
together in monocotyledonous and dicotyledonous plants.
In this study, we constructed a series of promoter cassettes
that contained specific sequences in an attempt to induce
higher levels of expression of transgenes in plants. The
levels of expression of the various constructs were analyzed
to evaluate the effects of the different elements in transient
and stable expression systems in tobacco and rice.

Materials and Methods

Construction of promoter-GUS chimeric genes—DNA was
manipulated as described by Maniatis et al. (1989), and recombi-
nant polymerase chain reaction (PCR) was carried out as de-

scribed by Higuchi (1989). Plasmids pBI221 and pBI121 (Jefferson
et al. 1987) were products of Clontech (Palo Alto, CA, U.S.A.).
Plasmid pFF19G (Timmermans et al. 1990) was a gift from Prof.
J. Messing (Rutgers University). Plant expression vectors pREX-
1, pEN4 and pEN6 were made by Hirochika et al. (in prepara-
tion). The gene for luciferase (LUC) was obtained as a restriction
fragment from pT3/T7-Luc (Clontech).

The promoter region of the CaMV 35S transcript was am-
plified by PCR from pBI221 with A5 (5~ ATCTCCACTGAC-
GTAAGGGATGACG-3') and A3 (5-TTGTAAAAATACGTA-
CCTCTCCAAATGAAATGAACTTCC-3) as primers. The Q
sequence of TMV was amplified from TMV ¢DNA clone pL,
A-A25 (Nishiguchi et al. 1985) with BS (5-TTTCATTTGGAGAG-
GTACGTATTTTTACAACAATTACCAACAA-3) and B3 (5-
GTACGAGCTCTGATCAACGTCCATGGTGGATCCTCTAG
ATGTAGTTGTAGAATGTAAAATGTAATGTTG-3') as prim-
ers.

Closed circular plasmid DNA for electroporation was puri-
fied by CsCl/ethidium bromide density gradient centrifugation.
The GUS fusion in the binary vector pBI121 (Clontech) was replac-
ed by constructed GUS fusions, inserted at the HindIII and EcoRI
sites. Each resulting construction was used to transform Agrobac-
terium tumefaciens strain LBA4404 (Oom:s et al. 1981) by electro-
poration.

Analysis of transient expression—The transient expression of
GUS fusion constructs was analyzed as follows. Tobacco meso-
phyll protoplasts were prepared from fully expanded upper leaves
of Nicotiana tabacum cv. Samsun NN. The lower epidermis of a
sterilized tobacco leaf was abraded with carborundum (mesh 600;
Kishida Chemicals Co., Osaka, Japan) to facilitate penetration of
the wall-degrading enzymes, and the pieces of leaves were floated
on 0.5M mannitol that contained 1% cellulase Onozuka R-10
(Yakult Co., Tokyo, Japan) and 0.02% pectolyase Y-23 (Seishin
Pharmaceutical Co., Tokyo, Japan) at 28°C with occasional agita-
tion. After digestion for 2 h, the protoplasts were filtered through
80-um nylon mesh, collected by centrifugation at 100 x g for 2 min
and then washed twice with 0.5 M mannitol. The viability of the
protoplasts was determined by staining with Evans Blue (Wako
Chemicals Co., Osaka, Japan).

Isolated protoplasts (10° cells) were carefully resuspended in
0.5 ml of 0.5 M mannitol that contained 10 ug of purified super-
coiled plasmid DNA which included various promoter fusion con-
structs and 100 ug of carrier DNA (salmon sperm DNA, 0.5 kb in
average length; Wako Chemicals Co.). Electroporation was per-
formed at 500 V cm ™! for 15-20 ms on ice, in a cuvette with a 0.4-
cm electrode gap, in a dielectrophoretic cell-fusion processor
(model SCF1A; Sankei Co., Tokyo, Japan). Electroporated proto-
plasts were kept on ice for 15-30 min, collected by centrifugation,
and then cultured at 28°C in darkness in 0.5 ml of medium that
contained inorganic salts (Murashige and Skoog 1962), vitamins
for BS medium (Gamborg et al. 1968), 5 uM 2,4-D, 2.5 uM kinetin
and 0.4 M glucose.

Rice protoplasts were prepared from suspension-cultured
cells of Oryza sativa cv. Nipponbare. Isolation and electropora-
tion were carried out as described previously (Kosugi et al. 1990).

Analysis of stable expression—Tobacco plants were trans-
formed by infection with A. tumefaciens LBA4404 that carried
the modified binary vectors by the leaf disc-method (Horsch et al.
1985). Transformants were selected in the presence of 100 g ml™!
kanamycin. GUS activity in the upper fully-expanded leaves of
regenerated transformants was analyzed at a similar growth stage.

Transformation of rice was carried out as described by
Sugimoto et al. (1994). Protoplasts were prepared from rice sus-
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pension-cultured cells (cv. Nipponbare). Cells (1.5% 10°ml™")
were electroporated in a continuous flow electro-transfector
(CET-100; JASCO, Tokyo, Japan) in 0.5 M mannitol that con-
tained 0.1 mM MgSO,, 20 ug ml~' sonicated calf thymus DNA as
carrier DNA, 2 ug of plasmid DNA that included a fusion con-
struct and 0.4 ug of plasmid that contained the CaMV 35S promot-
er and the gene for hygromycin phosphotransferase (pUCI19HPT;
kindly provided by Dr. A. Kato) as a selectable marker gene. A
rectangular electric pulse of 1,000 Vecm™! was applied six times
for 0.1 ms each. After a 10-day incubation in a conditioned medi-
um, hygromycin-resistant calli were selected and integration of the
fusion constructs was studied by PCR.

Analysis of GUS and LUC activities—GUS activity was ana-
lyzed by the fluorometric method of Kosugi et al. (1990) with 4-
methyl-umbelliferyl glucuronide (4-MU) as a substrate. Histo-
chemical staining for GUS was carried out as described by
Ohshima et al. (1990). Tissue or pollen was stained in 50 mM phos-
phate buffer (pH 7.0) that contained 1 mM 5-bromo-4-chloro-3-
indolyl glucuronide (X-Gluc) at 37°C in the presence of antibiot-
ics. For the assay of LUC activity, expanded upper young leaves
of transgenic plants that contained the LUC gene were detached.
After absorption of 200 ul of a 1 mM solution of luciferin (Sigma,
St. Louis, MO, U.S.A.) in 10 mM sodium-citrate buffer (pH 5.0)
through the petiole, the leaves were photographed in a dark room
on ISO 1600 film, with an exposure time of 10 min, and an aper-
ture of F/1.7.

Results

Construction of promoter cassettes—The structures of
the promoter cassettes that were constructed in this study
are summarized in Figure 1. The cassettes were generated
as follows. The CaMYV 35S core promoter was prepared by
PCR using primers A5 and A3. A3 includes a SraBI site
and a sequence complementary to the 5' region of the £ se-
quence of TMV at its 5 end. The Q sequence was prepared
by PCR with primers B5 and B3. The B5 primer has a se-
quence identical to the 3" end of the CaMV 35S promoter,
and the B3 primer has a polylinker sequence that contains
Xbal, BamH]I, Ncol, Bcll and Sacl sites. Products of PCR
with the 35S promoter and the £ sequence were fused by
the recombinant PCR technique.

Fig. 1 Diagrams of all tested constructs. All constructs were
inserted into HindlIIl and EcoRI restriction sites located within
the polycloning sites of plasmid pUC18 or pBI121. E7: 5-up-
stream sequence of CaMV 35S promoter (—940 to —290) and
(—290 to —90) x 7. EI2: S-upstream sequence of CaMV 35S pro-
moter (—419 to —90) x 2. End: 5-upstream sequence of CaMV
35S promoter (—940 to —390) and (—390 to —90) x 4. En6: 5-up-
stream sequence of CaMV 35S promoter (—940 to —390) and
(—390to —90) x 6. P35S: 5-upstream sequence of CaMV 35S pro-
moter (—90 to —1). Q: 5-untranslated sequence of TMV. Intron:
first intron of a gene for phaseolin. GUS: protein-coding region of
a gene for S-glucuronidase. LUC: protein-coding region of a gene
for luciferase. Tnos: polyadenylation signal of the gene for
nopaline synthase in the Ti plasmid. T35S: polyadenylation signal
of the CaMV 35S transcript. B, BamHI; E1, EcoRI; ES, EcoRV;
H3, HindIIl; Ns, Nsil; Sc, Sacl; Sl, Sall; Sm, Smal; Sn, SnaBI;
Sp, Sphl; P, Pstl; X, Xbal.

The Ncol site of the plant expression plasmid pREX-
1, located in the 5-upstream region of the 35S enhancer,
was disrupted by digestion with Ncol that was followed by
filling in with the Klenow fragment and self-ligation. The
EcoRV-Sacl region of the resultant plasmid pREX-1" was
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replaced by a product of recombinant PCR that contained
the 35S core promoter and the 2 sequence to make pE7113
(E7€2). The plasmid pE7113 has seven tandemly repeated
enhancer-like elements (—90 to — 290, relative to the site of
initiation of transcription as +1) of the 35S promoter (E7),
the 35S core promoter, the 2 sequence, the polylinker se-
quence, and the terminator of the nos gene. The first intron
of the gene for phaseolin was obtained as an Xbal-BamH]I
fragment of pREX-1 and inserted into the Xbal-BamHI si-
te of pE7113 (E792) to make pE7133 (E7QIn). Each regula-
tory sequence utilized in pE7133 (E7QIn) has unique flank-
ing restriction sites those allow the sequences to be easily
removed or replaced by other sequences. Accordingly,
pE7123 (E7In) and pE7103 (E7) were produced by excision
of the Q sequence from pE7133 and pE7113, respectively,
by SnaBI and Xbal digestion, blunting and ligation. The
GUS gene was obtained as a BamHI-Sacl fragment from
pBI221 and inserted into pE7133, pE7113, pE7123 and
pE7103 to produce pE7133-GUS (E7Q2In-GUS), pE7113-
GUS (E72-GUS), pE7123-GUS (E7In-GUS) and pE7103-
GUS (E7-GUS), respectively.

Replacement of the nos terminator of the plasmid by
the 35S terminator and cloning of the GUS gene was achiev-
ed by cloning the BamHI-EcoRI fragment of pFF19G
into the BamHI and EcoRI sites in pE7133, pE7113,
pE7123 and pE7103 to produce pE7131-GUS, pE7111-
GUS, pE7121-GUS and pE7101-GUS, respectively. The
enhancer-like element of pE7113 was replaced by HindIII
and EcoRV fragments of pFF19G, pEN4, or pEN6. The
resulting clones had different lengths and copy numbers of

I. Mitsuhara et al.

enhancer-like elements from the 5-upstream region of the
35S promoter; pE2113 had two tandem repeats of —419 to
—90 (EI2), pE4113 had four tandem repeats of —390 to
—90 (End), and pE6113 had six repeats of —390 to —90
(En6). The HindIIl and EcoRI fragments were excised
from pE7113-GUS (E72-GUS) and pE2113-GUS (EI2Q-
GUS) and recloned into a binary Ti plasmid pBI121 to
yield the binary plasmids pBE7113-GUS (E72-GUS) and
pBE2113-GUS (EI2Q-GUS), respectively. In order to pro-
duce the expression vectors that contained the gene for
LUC (pBI121-LUC and pBE2113-LUC), the gene for LUC
was obtained as a BarmHI-Sacl fragment from pT3/T7-Luc
and recloned into binary plasmids pBI121 (35S-GUS) and
pBE2113-GUS (EI2Q2-GUS), respectively, at the BamHI
and Sacl site.

Analysis of transient expression in tobacco and rice
protoplasts—To evaluate the promoter activities of the
various constructs, the level of GUS activity in tobacco
and rice protoplasts was examined one day after elec-
troporation (Table 1). In tobacco mesophyll protoplasts,
the level of GUS activity was about two or more orders of
magnitude higher than that in rice protoplasts prepared
from suspension-cultured cells on the basis of both
cell number and protein concentration. All promoters
presented in Table 1 conferred considerably higher GUS ac-
tivity than the 35S promoter of pBI221 (35S-GUS). As com-
pared to the level of expression of 35S-GUS, the levels of
expression of tested constructs were 4- to 26-fold higher in
tobacco cells and 1.5- to 76-fold higher in rice cells.

The Q sequence of TMV increased GUS activity 2- to

Table 1 Transient expression of the GUS gene driven by various promoter constructs in tobacco and rice protoplasts

GUS activity (4-MU nmol/10’ cells/min)

I;g;lrflﬁif Structure of plasmid Tobacco Rice
(Ratio) (Ratio)
pBI221 35S - GUS - Tnos 50 ( 1.0 0.27 ( 1.0)
pE7133-GUS E7 - P35S - @ - In - GUS - Tnos 860 (17.2) 18.5 (68.5)
pE7113-GUS E7 -P35S-Q- GUS - Tnos 430 ( 8.6) 5.6 20.7)
pE7123-GUS E7 - P35S - In - GUS - Tnos 195 (3.9 1.9 (6.9
pE7103-GUS E7 - P35S - GUS - Tnos Not tested 0.40 ( 1.5)
pE7131-GUS E7 -P35S-Q-1In-GUS - T358 1,170 (23.9) 20.5 (75.9)
pE7111-GUS E7 -P35S-Q- GUS - T35S 1,320 (26.4) 7.5 (27.8)
pE7121-GUS E7 - P35S - In - GUS - T35S 725 (14.5) 4.4 (16.3)
pE7101-GUS E7 - P35S - GUS - T35S 305 (6.1) 1.8 ( 6.5)
pE2113-GUS El2 - P35S - Q2 - GUS - Tnos 1,150 (23.0) 0.96 (3.6)
pE4113-GUS En4 - P35S - Q - GUS - Tnos 860 (17.2) 2.4 (9.0
pE6113-GUS Ené6 - P35S - Q - GUS - Tnos 1,300 (26.0) 3.2 (11.9)

After electroporation, protoplasts were incubated for 24 h, and GUS activity was determined as described in Materials and Methods.
The values relative to those obtained with pBI221 (35S-GUS construct) are shown in parentheses. All data are averages of results from

four different experiments.
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5-fold in tobacco and 4- to 10-fold in rice, as revealed by
comparison of the activities of promoter constructs with
and without Q (pE7133-GUS vs. pE7123-GUS, pE7113-
GUS vs. pE7103-GUS, pE7131-GUS vs. pE7121-GUS and
pE7111-GUS vs. pE7101-GUS). In all four cases, the  se-
quence was quite effective in enhancing gene expression.
Thus, this sequence was effective in both tobacco and rice
cells.

The positive effect of the intron on the expression of fu-
sion constructs was also clear in rice protoplasts. Com-
parison of data for pE7133-GUS vs. pE7113-GUS and
pE7121-GUS vs. pE7101-GUS revealed an intron-mediated
3- to 5-fold enhancement of GUS activity. In tobacco cells,
the effect of the intron was less clear, it induced only a
doubling of GUS activity when pE7133-GUS (E7QIn-
GUS) was compared to pE7113-GUS (E7Q2-GUS) and
pE7121-GUS to pE7101-GUS. Moreover, the intron had
no effect on pE7131 as compared to pE7111.

All enhancer-like sequences of the 35S promoter used
in this study [EI2, (—419 to —90)x2; En4, (—940 to
—390)+ (390 to —90) X 4; En6, (—940 to —390)+(—390
to —90) X 6; and E7, (—940 to —290)+(—290 to —90) x 7]
increased GUS activity in both tobacco and rice cells but
the extent of such enhancement varied. In tobacco cells,
the two longer fragments with fewer repeats (El2, En4 and
En6) conferred higher-level expression than the shorter se-
quence with more repeats (E7). For example, the levels of
the activity associated with pE2113-GUS (EI2Q2-GUS),
pE4113-GUS (En422-GUS) and pE6113-GUS (En6Q-GUS)
were 2 to 3 times higher than that associated with pE7113-
GUS (E72-GUS). By contrast, in rice cells, the shortest en-
hancer with the most repeats (E7) was the most effective

sequence, being 2 to 6 times more active than the longer
enhancers with fewer repeats (En4, En6 and El2), as indicat-
ed by the transient expression of GUS from pE7113-GUS
(E72-GUS), pE4113-GUS (EndQ-GUS), pE6113-GUS
(En6Q-GUS) and pE2113-GUS (EI2Q-GUS).

The effect of the terminator in the fusion constructs
was studied with four different sets of promoters, namely,
pE7133-GUS and pE7131-GUS, pE7113-GUS and pE7111-
GUS, pE7123-GUS and pE7121-GUS, and pE7103-GUS
and pE7101-GUS. In all cases, the terminator of the CaMV
35S transcript induced higher levels of GUS activity than
that of the nos gene in both plant species (Table 1).

In tobacco protoplasts, pE2113 (EI2Q), pE6113
(En6Q), pE7131 and pE7111 similarly caused extremely
high-level expression equal to more than 20 times that of
35S-GUS. Among these constructs, pE2113 (EI282) was
selected as the representative of promoters of highest-level
expression in dicotyledonous plants for further analysis be-
cause it was the shortest and had the simplest structure.
The pE7113 construct (E7Q), with an expression level that
was 8.6 times that of 35S-GUS, was selected as a moderate-
ly high-level expression promoter.

In rice protoplasts, pE7133 (E7QInTnos) and pE7131-
(E7Q2InT35S) induced exceptionally high levels of expres-
sion, which were about 70 times higher than that induced
by 35S-GUS. Construct pE7133 (E7Q2InTnos) was selected
as a representative of the highest-level expression promot-
ers in monocotyledonous plants because of the ease of its
construction, while pE7113 (E7£2) was taken as a moderate-
ly high-level expression promoter, causing expression at a
level 21-fold higher than 35S-GUS.

Analysis of the promoters in tobacco and rice transfor-

(A) (B)
TObaCCO Transformants with GUS chimeric gene R 1 ce Transformants with GUS chimeric gene
358-GUS E7Q-GUS E2Q-GUS 1 358-GUS E7Q-GUS
plant (pBI121) | (PBE7113-GUS) [ (pBE2113-GUS) p ant (pBI121) (pE7113-GUS)
0]
@)
= e}
- = 2.0 4
E J O g
< 600 N
£ £
3 < 154 [o)
° °
E | 4o &
> o0 > o0
.E E O = E 1.0 4
EAR 0] Z 0
83 9 83
S 200 S
v E ) §) v E| o5
o) = % o}
c2 Q o2
8 <~
2 mean a S I mean a 8
value 15.8 44.7 154 value 0.051 0.734
number of plants 16 36 17 number of plant s 14 6

Fig. 2 Frequency distribution of levels of GUS activity in transgenic tobacco (A) and rice plants (B).

numbers of plants used are shown at the bottom of the Figure.

Mean GUS activities and the
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Leat
position

N 9

35S-GUS E 1 EI2QGUS
(pBI1121) (pBE2113-GUS)
20 0 0 20 40 60 80 100 120

/ mg protein / min)

GUS activity (4MJ nmol

Fig. 3 Effect of leaf position on GUS activity in transgenic tobacco plants that carried 35S-GUS (pBI121) and EI2Q2-GUS (pBE2113-

GUS).

mants—To study the characteristics of the constructed pfo-
moters in transgenic tobacco plants, HindIIl and EcoRI
fragments containing the entire promoter-GUS-terminator
constructs from pE7113-GUS (E72-GUS) and pE2113-
GUS (E122-GUS) were inserted into the HindIII-EcoRI
site of the binary vector pBI121, replacing of 35S-GUS
gene. The resultant plasmids were introduced into Agrobac-
terium tumefaciens LBA4404. After inoculation of pieces
of tobacco leaves with the bacterium, 30 to 40 kanamycin-
resistant shoots were regenerated and rooted. The regener-
ated plants were transferred to soil, and GUS activity in the
upper fully developed leaves was measured. No major
differences were observed in the efficiency of transforma-
tion and regeneration or in morphology among all 30-
40 transformants and the control non-transformants. As
shown in Figure 2A, transformants with the EI2Q-GUS
and E7Q2-GUS promoters had apparently higher GUS activ-
ity than those with the 35S promoter. Compared with the
level in transformants that carried 35S-GUS, the level of
GUS activity in E72-GUS and EI2Q2-GUS transformants
was about 3 and 10 times higher on average, respectively.
The highest levels of GUS activity in EI2Q2-GUS plants,
E7Q-GUS plants, and 35S-GUS plants were 733, 289, and
45 nmoles 4-MU mg protein ™' min ™!, respectively.

GUS activity in the middle parts of leaf blades of

Data were obtained from a typical specimen of each transgenic plant.

young transgenic rice plants that harbored pE7113-GUS
(E7Q2-GUS) and pBI221 (35S-GUS) was determined. The
frequency distribution of GUS activities in leaf extracts of
transgenic rice is shown in Figure 2B. The overall level of
GUS activity was much higher in the E7Q-GUS popula-
tion, being on average about 14 times higher than that in
35S8-GUS plants. The highest levels of GUS activity in
transformants with E7Q2-GUS and in those with 35S-GUS
were 2.4 and 0.37 nmoles 4-MU mg protein™! min™!, re-
spectively.

It is important to characterize the specific mode expres-
sion of promoters at each developmental and spatial level.
GUS activities of leaves at different positions on 35S-GUS
and EI2Q-GUS tobacco plants at a similar growth stage
(when plants were about 120 ¢cm in height) were determined
(Fig. 3). In both 35S-GUS and EI2Q-GUS plants, the activ-
ity was highest in the upper fully expanded leaves (leaf posi-
tion 5-7 in Fig.3), decreasing gradually in the leaves at
lower position.

Histochemical analysis of the expression of strong pro-
moters in transgenic tobacco plants—To study the mode of
gene expression of the strong promoters, GUS activity was
determined by histochemical staining of organs and tissues
in transgenic tobacco plants. Figure 4 shows GUS activities
in cross sections of leaf blades (A, B), longitudinal sections

Fig. 4 Histochemical examination of the expression of foreign genes in transgenic tobacco plants.

Several parts of tissues or

organs from transgenic tobacco (A-L) were subjected to analysis of GUS activity. (A, C, E, G, I, K) Transgenic tobacco plants contain-
ing pBI121 (35S-GUS). (B, D, F, H, J, L) Transgenic tobacco plants containing pBE2113-GUS (EI2Q-GUS). (A, B) Leaf sections (100
um thick) stained for 2 h at 37°C. Bar =200 #m. (C, D) Longitudinal sections of shoot apex (80 um thick) stained for 1 h. Bar=500 um.
(E, F) Longitudinal sections of flowers, 4 days before flowering, stained for 1 h. Bar=500 um. (G, H) Intact pollen grains stained for 2
h. Bar=20 um. (I, J) Intact roots stained for 1 h. Bar=100 um. (K, L) Intact seedlings, 4 days after imbibition, stained for 1 h. Bar=
500 um. (M) Autofluorescence of transgenic tobacco leaves that contained pBI121-LUC (left) and pBE2113-LUC (right). Luciferin was
absorbed by leaves of transformants from petioles and autofluorescence was observed in a dark room. The photograph was taken on
ISO 1600 film, with an exposure time of 10 min, and an aperture of F/1.7.
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Table 2 GUS activity in various organs of transgenic tobacco seedlings of R1 progeny that harbored 35S-GUS and

EI2Q-GUS
358-GUS ERQGUS

Organ Stage of germination Stage of germination

14 2° 3¢ 1 2 3
Cotyledon ++ ++ + ++ ++ +
Hypocotyl ++ — + — ++ - _
Transitional region between shoot and root + + +— ++ ++ +
Lateral root primordium / J/ 4+ — / / -
Stele of seminal root / + + -/ ++ +
Epidermis and root hair of seminal root + +- + - ++ ++ ++
Root apical meristem + + ++ + + ++
Root cap + - + - + ++ ++

“ Stage 1: seed coat has broken and radicle is extending. Days after imbibition (DAI) 2-3.

b Stage 2: radicle is elongating and cotyledons are extending from seed coat. (DAL 4).

¢ Stage 3: seed coat is dropping off and hypocotyl is extending from the transitional region between the shoot and the root (DAl 5-7).
+ —, GUS activity was detected in some plants; +, faint GUS activity was observed; +, GUS activity was observed; + +, strong GUS
activity was observed; —, no activity was detected; ,/, unable to observe the organ in this stage.

of the shoot apex (C, D) and flowers (E, F) 4 days before
flowering, in pollen (G, H), in roots (I, J) and in seedlings
(K, L) of transgenic tobacco plants that contained 35S-
GUS (pBl121; A, C, E, G, I, K) and EI2Q-GUS (pE2113-
GUS; B, D, F, H, J, L). The levels of GUS activity in
plants with EI2Q2-GUS were much higher than those in
plants with 35S-GUS in all organs and tissues examined.
This result is consistent with the results obtained by fluo-
rometric determinations of GUS activity in transient and
stable expression assays (Table 1 and Fig. 2).

In leaf blades of 35S-GUS and EI2Q2-GUS plants,
strong GUS activity was detected in the palisade, spongy
and epidermal cells (A, B). In longitudinal sections of
shoot apices, strong staining was observed around vascular
bundles in both 35S-GUS plants and E12Q-GUS plants (C,
D), and blue staining was also detected around apical
meristems in E12Q-GUS plants. In flower sections, GUS ac-
tivity was observed only in some parts of the pistil and
placenta of pBI121 plants, while strong GUS activity was
observed in most parts of flowers of EI12Q2-GUS plants (E,
F). Pollen of EI2Q-GUS plants expressed high-level GUS
activity, but pollen of 35S-GUS plants did not (G, H).
While strong staining was observed in the central cylinder
of roots in both types of plant, the level of GUS activity in
EI2Q-GUS plants was much higher than that in 355-GUS
plants (I, J). In seedlings of 35S-GUS plants, weak activity
was observed in the transition regions between shoots and
roots, and between the root apical meristem and the root
cap (K). In EI2Q-GUS plants, GUS activity was quite
strong in roots and cotyledons (L).

The pattern of expression of GUS activity in tobacco
seedlings at various developmental stages was also analyzed
[Table 2 and Fig.4 (K, L)]. In most organs, staining for

GUS was stronger in tissues of EI12Q2-GUS plants than in
those of 35S-GUS plants. However, as shown in Table 2,
the patterns of staining in the various organs were very
similar in the 35S-GUS plants and EI2Q-GUS plants.

To further evaluate the promoter activities, the gene
for LUC was used instead of the gene for GUS. Fusions
with the LUC gene (pBE2113-LUC and pBI121-LUC, see
Fig. 1) were introduced into tobacco plants. The leaves
of transformants of 30 cm in height were detached and
luciferin was absorbed through petioles. Among 17 trans-
formants that carried a construct with a strong promoter
(pBE2113; EI20), seven plants exhibited strong autofluores-
cence and another seven plants fluoresced weakly. The light
emitted by the leaves was easily detected by the naked eye
in a dark room. In the case of 35S-LUC plants, only four
out of eleven transformants showed faint autofiuorescence.
Typical 35S-LUC and EI2Q-LUC plants that exhibited the
strongest autofluorescence are contrasted in Figure 4 (M).

Discussion

We constructed a series of promoter cassettes by com-
bining enhancers of the 35S promoter, an intron, and the
sequence to stimulate the expression of foreign genes in rice
and tobacco. Studies of transient and stable expression
demonstrated that all the cassettes could function efficient-
ly in both tobacco and ricé plants. Compared with the
CaMV 35S promoter in pBI221, the strongest promoters
were 26 and 76 times stronger in terms of the enhancement
of levels of the marker protein in tobacco and rice proto-
plasts, respectively. The most efficient promoters in tobac-
co cells were not the same as those in rice cells, suggesting
differences in the specificity of gene expression between
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plant species and/or between dicotyledonous and monocot-
yledonous plants.

The CaMV 35S promoter is known to function in
many organs of many higher plants (Benfey and Chua
1990, Terada et al. 1990, Yang and Christou 1990). En-
hancer-like elements are located in the 5-upstream region
of the promoter (Odell et al. 1988, Fang et al. 1989), and
tandem duplication of sequences enhances gene expression
(Kay et al. 1987, Timmermans et al. 1990, Omirulleh et al.
1993). Hirochika et al. (in preparation) showed that one se-
quence (—290 to —90) of the 35S promoter was more effec-
tive than a longer sequence (—390 to —90) that included
the shorter sequence in inducing high-level expression of
CAT gene fusions in rice cells. CAT activity increased with
the number of each sequence, reaching a maximum with
seven tandem repeats. In the current study, seven repeats of
the shorter 200-bp fragment were more effective than four
and six repeats of the longer sequence (—390 to —90, En)
and two repeats of the longer sequence (—419 to —90, EI2)
in rice cells. In tobacco cells, however, the seven repeats of
the shorter 200-bp sequence were not as effective as the
other two longer sequences (Table 1). This variable re-
sponse to the enhancer sequences in different plant spe-
cies suggests that differences exist in the transcriptional
machinery, which includes specific frans-acting factors in
individual organs. It is known that the 35S promoter has
multiple cis elements in its 5-upstream region (Kawata et
al. 1989, Lam and Chua 1989, Yanagisawa and Izui 1992).

Combinations of these elements may have different effects .

in different tissues, organs and plant species (Fang et al.
1989, Benfey and Chua 1990).

Some introns are known to increase the level of gene
expression in animals and plants. This phenomenon is
presumed to be due to an increase in the stability of
mRNA, although this phenomenon is not clear in dicot
plants (McElroy et al. 1991, Leon et al. 1991), perhaps be-
cause of differences in splicing efficiency between monocoty-
ledonous and dicotyledonous plants (Keith and Chua 1986,
Tanaka et al. 1990). In this study, higher GUS activity was
clearly evident when we included the first intron of the gene
for phaseolin in rice and sometimes in tobacco, confirming
that the intron effectively enhanced the synthesis of prod-
ucts of a foreign gene, at least in rice plants.

The terminator in chimeric genes also plays an impor-
tant role in the control of the level of gene expression by
affecting the efficiency of the 3'-processing and/or the
stability of mRNA (Ingelbrecht et al. 1989). In this study, it
was revealed that 3-untranslated region of the CaMV 35S
transcript was more effective for higher-level expression
than the terminator of the gene for nopaline synthase in the
Ti plasmid. This observation indicates that selection of the
terminator is also important for expression of a foreign
gene.

The 2 sequence of TMV can increase the amount of a

gene product in plant and animal cells, and even in E. coli
(Sleat et al. 1987, Gallie et al. 1989, 1991). In the present
study, constructs containing this sequence yielded 2 to 4
times higher GUS activity in tobacco and 3 to 5 times
higher GUS activity in rice than constructs without this se-
quence. Because the positive effect of the 2 sequence is ex-
erted at the translational level, the mechanism of action of
this element in enhanced gene expression is probably inde-
pendent of that of enhancers or introns.

The elements tested in this study might function at
different steps in gene expression. Thus, all the elements,
when combined, should enhance gene expression in an ad-
ditive manner. Our current results that all elements en-
hanced expression of a reporter gene in every combination,
with the exception of one case of the intron in tobacco cells
(pE7131-GUS vs. pE7111-GUS), strongly support such
postulate.

Among the four promoter constructs which were ex-
traordinarily active (more than 20 times more active than
35S-GUS) in tobacco protoplasts, one construct, EI2Q,
was selected together with the moderately strong promoter
E7Q (8.6 times more active) for stable transformation ex-
periments. The levels of GUS activity in EI22-GUS plants
and E7Q-GUS plants were 10-fold and 3-fold higher than
those in 35S-GUS plants, respectively, suggesting that the
activity of a promoter in transient assays reflects its activity
in transgenic plants. Histochemical analysis showed that
tissue- and organ-specific expression of these promoters
was very similar to that of 35S-GUS.

In the experiments with rice protoplasts, we selected
two promoter constructs, pE7133 and pE7113, for genera-
tion of stable transformants. The former is a representative
construct with seven repetitions of the shortest enhancer,
the £ sequence, and the intron, and it was associated with
the highest level of expression (about 70 times higher than
that of 35S-GUS). Transgenic calli that harbored pE7133-
GUS and pE7133-LUC had the highest levels of GUS and
LUC activities (data not shown), but the calli were not easy
to maintain and it was hard to regenerate whole plants
from them. It is possible that the negative result reflects
some physiological stress caused by too large an amount of
the foreign gene product. We obtained transgenic rice
plants that harbored E7Q2-GUS with moderately high-level
expression in rice protoplasts. On average, the GUS ac-
tivity obtained with E72-GUS was 14 times higher than
that obtained with 35S-GUS. Although E7Q was not the
strongest expression promoter in rice protoplasts, the level
of expression of the GUS gene in stable transformants that
harbored E7Q2-GUS was one order higher than that with
35S-GUS.

For convenient comparisons, the effect of each ele-
ment in stimulating promoter activity in tobacco and rice is
summarized in Table 3.

The copy number of integrated genes might also affect
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Table 3 Strength of each element as part of the promoter in the regulation of gene expression

Element in promoter Terminator
E7 En4 or En6 EI2 In Q Tnos T35S
Tobacco + ++ ++ + + + ++
Rice ++ + + ++ + + ++

=+, stimulatory effect was observed in some constructs; +, stimulatory effect was observed in all constructs; + +, strong stimulatory

effect was observed in all constructs.

the level of expression in transgenic plants. In this study, in
about two-thirds of the self-pollinated progeny of each
E12Q2-GUS transgenic tobacco plant, the transgene was in-
troduced at a single locus, as judged by the segregation of
resistance to kanamycin. This fraction is similar to that for
35S-GUS plants.

The CaMV 35S promoter has often been used as a
strong and constitutive promoter of the expression of many
foreign genes for the production of transgenic plants in
many plant species. Indeed, many experiments have shown
that the 35S promoter is useful as a strong promoter for the
expression of sense and antisense genes. However, in some
cases, stronger promoters have been required to achieve
higher levels of gene products. The powerful promoter
cassettes reported here were 20- to 80-fold and 10-fold
stronger than the 35S promoter in protoplasts and in trans-
genic plants, respectively. Using the powerful promoter
El2Q, we have obtained many kinds of useful transgenic
plant, for example, virus-resistant plants with a gene for
the coat protein of a potyvirus (bean yellow mosaic virus;
Nakamura et al. 1994) and a antisense RNA gene of cucum-
ber mosaic virus with and without ribozyme sequences
(Nakamura et al. 1995). Another example is a transgenic
plant with high-level production of asparagine (Kan et al.,
in preparation). Thus, these promoters are potential-
ly useful for the production of at least 10-fold higher
amounts of foreign gene products in transgenic plants both
for basic studies of problems in plant molecular biology
and for practical purposes. We can see the improved
efficiency of a promoter for gene expression in Figure 4,
in particular in the photograph of the autofluorescence of
the transgenic tobacco plant with the strong promoter
(Fig. 4M). Unique restriction sites located at the ends of
each part of the promoters allow convenient replacement
of any part of the chimeric genes by other sequences. There-
fore, our effective promoter cassettes should also be useful
for the analysis of the effects of given sequences on gene ex-
pression and also for the development of even more effec-
tive new cassettes.

We are grateful to Prof. J. Messing and Dr. A. Kato for pro-
viding the plasmids pFF19G and pUC19HPT, respectively, and to
Dr. S. Kosugi for helpful discussion. This work was supported in
part by a project grant from the Japanese Ministry of Agriculture,
Forestry and Fisheries.
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