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Summary 

A plant expression cassette was constructed using the cauliflower mosaic virus 
35S 5' regulatory region with the enhancer duplicated and the 35S polyadenylation 
signal. Insertion of a polylinker between the transcription initiation and polyadeny- 
lation sites allows for easy cloning of genes. To test the usefulness of the cassette 
chimeric bacterial genes were prepared. The constructs were introduced into N i c o -  

t iana  t a b a c u m  suspension culture cells by the particle bombardment  process. Ex- 
pression of the/3-glucuronidase reporter gene was verified by histochemical staining. 
Stable kanamycin and hygromycin resistant transgenic lines were obtained after 
introduction of chimeric genes encoding the enzymes neomycin phosphotransferase 
and hygromycin B phosphotransferase, respectively. The number of stable transfor- 
mants was approximately 2% of the cells that transiently expressed the fl- 
glucuronidase reporter gene. 

Plasmid, pFF; CaMV sequence; Foreign gene; Plant 

Introduction 

Expression cassettes are modules of 5' and 3' regulatory regions for the construc- 
tion of gene fusions with prokaryotic or eukaryotic genes. They are used to analyze 
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specific regulatory sequences, to serve as internal controls (Kuhlemeier et al., 1987) 
or to express marker genes for the selection of drug-resistant cell lines. Chimeric 
gene constructions utilized regulatory sequences obtained from T-DNA opine 
synthase genes (Bevan et al., 1983; Fraley et al., 1983; Herrera-Estrella et al., 1983), 
from a variety of plant genes such as the small subunit of ribulose 1,5-biphosphate 
carboxylase (Herrera-Estrella et al., 1984; Broglie et al., 1984), or from cauliflower 
mosaic virus (CaMV). Because a high level of expression is often a critical factor, 
the relative strengths of some of these plant promoters have been evaluated. 
Quantitative measurements of transcript levels in transformed tobacco cells (Morelli 
et al., 1985; Harpster et al., 1988) or transgenic petunia plants (Sanders et al., 1987) 
showed that the CaMV 35S promoter is at least 30 times stronger than the widely 
used nopaline synthase (NOS) promoter. 

The 35S promoter is a viral promoter isolated from cauliflower mosaic virus, a 
DNA virus that infects members of the Cruciferae. Information on the complete 
nucleotide sequence of CaMV (Gardner et al., 1981) and on the 35S transcriptional 
start site (Covey et al., 1981; Guilley et al., 1982) is available. Comparison of 
transcript levels of various deletion mutants of the 35S promoter identified the 
-343  to - 4 6  upstream region as being responsible for the majority of the 35S 
promoter strength (Odell et al., 1985). Multiple cis regulatory elements were 
identified within this region not only regulating the level of transcription but also 
conferring tissue specificity and developmental control (Odell et al., 1987; Ow et al., 
1987; Benfey et al., 1989; Fang et al., 1989). The - 343 to - 90 fragment was shown 
to be of interest because of its enhancer-like properties. When cloned 5' of the NOS 
promoter, a 3-fold increase in transcription levels was measured (Odell et al., 1988). 
Duplication of the -343  to - 9 0  sequences resulted in a 10-fold transcriptional 
enhancement (Kay et al., 1987). 

Although construction of expression cassettes utilizing the 35S promoter has been 
reported before (Pietrzak et al., 1986; Topfer et al., 1987), these do not use the full 
potential of the 35S enhancer sequences. We have constructed cassettes consisting of 
the duplicated 35S enhancer, the promoter region and polyadenylation signal. The 
unique restriction sites outside the cassettes facilitate subcloning it into other 
vectors and make the 5' and 3' regulatory regions interchangeable with 5' and 3' 
sequences of other genes. A polylinker between the 5' and 3' cis-acting elements 
facilitates easy construction of chimeric genes. 

The new expression cassette was tested by inserting the well characterized genes 
for the enzymes neomycin phosphotransferase type II (NPT II) (Bevan et al., 1983; 
Fraley et al., 1983; Herrera-Estrella et al., 1983), hygromycin B phosphotransferase 
(HPH) (Van den Elzen et al., 1985; Waldron et al., 1985) and fl-glucuronidase 
(GUS) (Jefferson et al., 1986). We employed the particle bombardment process to 
introduce these chimeric gene constructs into suspension culture cells of Nicotiana 
tabacum. Histochemical staining for GUS activity was used to monitor transient 
expression one day after bombardment. Gene fusions with the NPT II and HPH 
coding regions were tested by selection of kanamycin and hygromycin stable 
transgenic lines. 
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Materials and Methods 

Bacterial strains and plasmids 
DNA constructions were carried out in E. coli strain JV30 (Vieira and Messing, 

1987). Single-stranded DNA template for mutagenesis was prepared in E. coli strain 
BW313 (Kunkel, 1985). Plasmid pUC120 is identical to plasmid pUCll8 except 
that it has a NcoI site 5' to the EcoRI site (Vieira, 1988). 

DNA manipulations 
All DNA manipulations were performed as described previously by Maniatis et 

al. (1982) except for the preparation of single-stranded DNA which was prepared 
according to Vieira and Messing (1987). Oligonucleotide directed in vitro mutagene- 
sis was carried out as described by Zoller and Smith (1984) and Kunkel (1985). 

Introduction of DNA into cells by the particle gun 
Suspension cultures of Nicotiana tabacum (fine XD) were maintained in 250-ml 

Erlenmeyer flasks containing 50 ml of RMS medium (Klein et al., 1988a) and 
agitated under continuous light at 28 ° C. The cells were subcultured approximately 
every 4 days. Suspension culture cells (5 ml) were evenly distributed over a 
Whatman No. 4 filter paper (diameter 5.5 cm) using a Buchner funnel. The filter 
paper with cells was then placed on a RMS plate (0.7% agarose). 

Tungsten particles (1 /~m; 25 mg) were cleaned in 1 ml absolute ethanol by 
sonication at maximum power for 10 min. The particles were sedimented by 
centrifugation (2 min), washed twice with sterile distilled water, and resuspended in 
0.5 ml of sterile distilled water. Tungsten was prepared for transformation by 
mixing 25/~1 of the suspension with 2 /~g DNA, dissolved in 5/~1 T10El-bUffer (10 
mM Tris, pH 8.0, 1 mM EDTA), 25/xl 1.0 M CaC1 z and 10/~1 0.1 M spermidine. 
The particle/DNA mixture was incubated on ice for 2 min and centrifuged for 1 
min in the Eppendorf centrifuge after which 30/~1 of the supernatant was removed. 
The remaining solution was sonicated for 1 or 2 s. Two t~l of the DNA-coated 
tungsten suspension was placed on the microprojectile for each bombardment which 
was performed as described by Klein et al. (1988b). 

GUS assay 
Cells were incubated on the filter paper on RMS medium for approximately 24 h 

at 28 °C following bombardment. The filter paper was then transferred to a sterile 
Petri dish. GUS substrate mixture containing potassium ferricyanide (5 mM), 
potassium ferrocyanide (5 mM), sodium phosphate buffer (0.1 M, pH 7.0), Triton 
X-100 (0.06%, v/v) and the synthetic GUS substrate, 5-bromo-4-chloro-3-indoyl-fl- 
D-glucuronic acid (0.3%, w/v) (Jefferson, 1987; Klein et al., 1988b), was pipetted 
dropwise onto the cells in order to cover all cells. After incubation overnight at 
37°C, the cells expressing GUS were counted under a dissecting microscope. 

Selection of kanamycin or hygromycin resistant calli 
Following bombardment, the ceils were incubated on the filter paper on RMS 

medium for 2 d at 28°C without drug selection. The filter paper was then placed in 
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a sterile flask with 30 ml RMS medium (0.5% agarose) containing 50 #g m1-1 
kanamycin or 30/~g m1-1 hygromycin. The cells were resuspended from the filter 
and pipetted on three RMS plates (10 ml suspension per plate) containing the same 
antibiotic and at the same concentration as the top layer. Resistant calli were 
identified after 3-5 weeks of incubation at 28°C. Resistance of the selected calli 
was verified by their ability to repeatedly grow on the same selective medium. 

Southern analysis of resistant calli 
Genomic DNA was isolated from 10-15 g of calli. The tissue was ground in 20 

ml extraction buffer (100 mM Tris, pH 8.5, 100 mM NaC1, 20 mM EDTA and 1% 
Sarcosyl) using a homogenizer. The tissue homogenate was extracted twice with 
phenol/chloroform and once with chloroform alone, then the DNA was alcohol- 
precipitated. The pellet was resuspended in T10El-buffer (10 mM riffs, pH 8.0, 1 
mM EDTA) and the DNA further purified on CsC1 density gradients (Maniatis et 
al., 1982). DNA (5 /~g) was digested with the appropriate restriction enzymes, 
electrophoresed through 1% agarose, and transferred onto nitrocellulose filter. 
Hybridisation was carried out with the coding region of the appropriate genes using 
nick-translated 32P-labeled DNA. Digestions, electrophoresis, DNA transfer, nick 
translation and Southern blot hybridisation were performed as described by Mania- 
tis et al. (1982). 

Results 

Construction of expression cassette pFF19 
The 5' and 3' termini of the 35S transcript have been mapped with $1 nuclease 

and showed an overlapping sequence of 200 nucleotides (Covey et al., 1981; Guilley 
et al., 1982). The 35S 5' region and polyadenylation signal could therefore be 
isolated on a single small DNA fragment. These regulatory sequences from the 
CaMV strain CM1841 (Gardner et al., 1981) were cloned as a HinclI (7016)-BgllI 
(7674) fragment into the HinclI-BamHI sites of pUC120 forming the clone pFF10 
(Fig. 1). With the lacZ and 35S promoters being in opposite orientations, read 
through from the lacZ promoter was eliminated. To allow for easy cloning of the 
different genes in between the 35S 5' and 3' regions, it was necessary to introduce a 
multiple cloning site at that position. Oligonucleotide directed in vitro mutagenesis 
was used to introduce a unique XhoI site to separate the two regulatory regions. 
Subsequently, the remaining pUC120 polylinker sites were eliminated as described 
in the legend of Fig. 1, to enable the insertion of a unique polylinker in the XhoI 
site (see below). Duplication of the 35S enhancer sequence in pFF15 was achieved 
by cloning the 329 bp EcoRV-HindlII fragment from pFF14 into the HinclI-HindlII 
sites from pFF12 (Fig. 1). 

As a final step a multiple cloning site was introduced resulting in the vector 
pFF19 (Fig. 2). The polylinker of vector pFF19 derives from plasmid plC20h 
(Marsh et al., 1984). The EcoRI, EcoRV and ClaI restriction sites were deleted 
from the plC20h polylinker by digesting plC20h with SstI and ligation of the 
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plasmid. The sites were eliminated because the same sites are present at other 
positions in pFF19. The remaining polylinker was excised as a HindlII-mung bean 
nuclease-treated fragment and ligated into the XhoI site from pFF15 which was 
filled in with Klenow fragment. Removing the 5' protruding ends generated by the 
HindlII restriction endonuclease rather than filling them in had two effects. It 
created a unique NsiI recognition site adjacent to the SphI site and more im- 
portantly, it prevented the reformation of the HindlII sites when ligated into the 
XhoI site filled in with Klenow fragment. Both the 35S 5' region and the poly(A) 
addition signal therefore have unique flanking restriction sites allowing them to be 
easily substituted by 5' and 3' regulatory sequences of other genes. 

Chimeric gene constructions 
The GUS coding region was cloned as a PstI fragment from pRAJ260 (Jefferson 

et al., 1986) into the PstI site from pFF19 to produce pFF19G (Fig. 2). 
Before cloning the Tn5 NPT II gene-coding region into our expression vector, we 

deleted the upstream ATG which is located 16 bp 5' of the real translation initiation 
site. Deletion of this ATG ensures for initiation at the right start codon and 
therefore allows a higher level of drug selection (Rogers et al., 1985). The NPT II 
gene was digested with BclI-AhalI and ligated into BgllI-ClaI digested plC20h 
vector (Marsh et al., 1984) resulting in the plasmid plC20h5K'. The 5' end of the 
NPT II coding region was cloned as a 250 bp MboI-TaqI fragment into the 
BamHI-ClaI sites of plC20h forming plC250neo. Since the MboI site is located in 
between the two ATGs, this 250 bp fragment only contains the right translational 

CaMV CM1841 pUC120 
Hincll (7016) - BgIII (7674) Hincll - BamHI 

Hindlll 
F ~  / Sph I p FIO B pFF11 C pF 14 Pstl 

Sall 
- Xba I 

pFF15 E ~ y l i n k e r ~  KpnSmaBamHlll 

p;Fl9 Sst I ~ Nrul 
HindIII 

Fig. 1 Construction of plasmid pFF19. The 658 bp HinclI-BgllI fragment from the CaMV strain 
CM1841 was cloned into the HinclI-BamHI sites from pUC120 to yield pFF10 (A). Mutagenesis was 
used to change nucleotides 7477 and 7479 (CM1841 map positions) from Ts to Gs, creating a unique 
XhoI site (7474) yielding pFF l l  (B). The flanking SstI, KpnI and Sinai restriction sites were deleted by 
digestion with SstI and SmaI, treatment with the Klenow fragment and ligation of the blunt ends 
yielding pFF12 (C). Similarly, the HinclI, PstI and SphI sites were deleted yielding pFF14 (D). The 35S 
enhancer was duplicated by inserting the EcoRV-HindlII fragment from pFF14 into the HinclI-HindlII 
sites of pFF12 yielding pFF15 (E). The polylinker was inserted as a Mung Bean nuclease treated HindlII 

fragment into the XhoI site of pFF15 which was filled in with Klenow fragment yielding pFF19 (F). 
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start site. The unique PstI site from the NPT II gene is also present on this fragment 
and was used to combine the 3' end of the gene with this isolated 5' end. To do so 
pIC20h5K' was digested partially with PstI and completely with XhoI. The 3.3 kb 
fragment was isolated and ligated to the 250 bp PstI-SalI fragment from pIC250neo. 
The resulting clone, pICNeo6, has the entire coding sequence from the Tn5 NPT II 
gene with the upstream ATG removed. It was digested with EcoRI, treated with 
Mung Bean nuclease and subsequently digested with SstI. To construct the plasmid 
pFF19K, this fragment was cloned into the SstI and SphI (blunt-ended with 
Klenow fragment) sites of pFF19 (Fig. 2). 

A 

B 

"I- 

pFF I?G. 1 35s 
enh 

Hind I I I ~  Nco I 

~ coR I 

2 Oq ~ t~D t~O :x: ~D "tJ (.0 2 
~ ~ ~ ~g~-~_~-~. 
- -  - -  - -  - -  -r- - -  - -  - -  - -  - -  

x m Z  

) GU$ .~- S y 
prom 1.Skb "polyA" 

pFFI9K 

pFFIgH 

m 

- r  

I 35s 
enh 

"I" 

I 35S ) enh 
329bp 

° °  
W Z  

355 NPTII • 35S 
prom 0.9kb "polgA" 

I I I I 

HPH ,s, ) 35S 
prom I. I kb polyA 
462bp 203bp 

Fig. 2. The expression cassette pFF19 (A) and chimeric genes to express the GUS, NPT II and HPH 
enzymes (B). The direction of transcription of the regulatory and coding regions is indicated by the 
arrows. Restriction sites shown in italics are not unique because they are also present in the coding 

sequence of the reporter gene. 
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TABLE 1 

The number of GUS-expressing cells and kanamycin or hygromycin resistant clones after bombardment 
with plasmids pFF19G, pFF19K and pFF19H, respectively 

pFF19G pFF19K pFF19H 

Exp. ! Exp. II Exp. I Exp. II Exp. I Exp. II 

Average 

126 336 5 5 5 3 
153 268 2 3 2 4 
57 109 6 2 3 4 

138 418 1 5 2 3 
1 2 1 5 

2 3 2 7 
2 4 2 3 
1 3 4 4 

5 6 5 2 
- 5 3 3 

119 283 2.5 3.8 2.9 3.8 

Plasmid pJD214Hy (Dougherty and Temin, 1986) was used to clone the H P H  
coding region into our expression cassette. This plasmid contains the H P H  gene 
from pLG89 (Gritz and Davies, 1983) flanked at the 5 '  end by a polylinker which 
includes a XbaI, SalI and PstI site and at the 3' end by a ClaI site. The 1.1 kb 
ClaI-SalI fragment from pJD214Hy was ligated into SphI-SalI digested pFF19 
after treating the protruding ends of the ClaI and SphI restriction sites with Klenow 
fragment (Fig. 2). In the resulting plasmid pFF19H,  there are no unique sites 
flanking the 35S polyadenylation signal, because of the presence of both  an EcoRI 
and a NcoI site within the hygromycin coding sequence. 

Transient gene expression assay with pFF19G 
The chimeric construct pFF19G was introduced into N. tabacum suspension 

culture cells by bombardment  with the particle gun to analyze if the 35S regulatory 
regions of the pFF19 expression cassette would lead to transient expression of the 
chimeric gene. After a 1-d incubation, the bombarded  cells were treated with the 
G U S  histochemical substrate mixture. GUS expressing cells develop a distinctive 
blue color which can be easily detected microscopically. The number  of blue cells in 
independent bombardments  was determined and is given in Table 1. In two 
different experiments, an average of 119 (Experiment I) and 283 (Experiment II)  
cells expressed GUS, with a variation between 57 and 418 blue cells per bombard-  
ment. 

Selection of kanamycin and hygromycin resistant clones 
In order to test the efficiency of the chimeric N P T  II  and H P H  genes for 

obtaining stable transformants, XD cells were bombarded  with plasmids pFF19K 
and pFF19H.  The bombarded cells were incubated for 2 d without drug selection to 
allow expression of the resistance gene. Stable transformants were then selected by 
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embedding the cells in medium containing 50/~g m1-1 kanamycin or 30 #g m1-1 
hygromycin, respectively. The number of kanamycin and hygromycin resistant 
colonies that was obtained per bombardment is listed in Table 1. On average, about 
three resistant clones were recovered in each bombarded sample. 

A 

0 ~ T- ~ Z X Z "I- "I" "r 

' ~ ~ C~ C~ ¢~ . w  
= ~ x x xx x x 

2.4 

B 

0 tO ,-- 0 ~ ~ v ~, ~¢ 
X I I I I I 

~ ~ ~' ~ x x x x x 

1.9 

Fig. 3. Southern analysis of hygromycin (A) and kanamycin (B) resistant calli from transformed N. 
tabacum XD cells. Lane Nt-XD, DNA from nontransformed suspension culture cells. Lanes XD-H1 to 
XD-H6, DNA from hygromycin resistant call. Lanes XD-K1 to XD-K5, D N A  from kanamycin resistant 
call. Lanes Nt 10c, Nt  5c and Nt lc, genomic D N A  mixed with pFF19H (A) or pFF19K (B) to 
reconstruct the integration of 10, 5 or 1 copy of the chimeric HPH (A) or NPT II (B) genes per diploid 

nucleus. 
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Southern analysis of stable transformants 
DNA isolated from kanamycin and hygromycin resistant caUi were probed for 

the presence of transforming DNA by the Southern procedure. DNA isolated from 
kanamycin resistant clones was digested with EcoRI-HindlII, and after transferring 
onto nitrocellulose filter probed with nick-translated EcoRI-HindlII insert from 
pFF19K. These two enzymes have unique recognition sites just outside the 35S 
regulatory regions producing a 1.9 kb fragment (Fig. 2). Whereas DNA from 
nontransformed tissue lacked hybridisation using this probe, all the kanamycin 
resistant calli showed a hybridizing band of the predicted size (Fig. 3). Comparison 
of the intensity of this band with reconstructed mix indicates that the transgenic 
clones carry 1 to 20 copies of the intact NPT II gene per diploid genome. DNA 
from hygromycin resistant colonies was analyzed in a similar manner. There are two 
PvulI sites in the lacZ region, therefore digestion with the PvulI restriction 
endonuclease excised the chimeric HPH gene from plasmid pFF19H as a 2.4 kb 
fragment. Nick-translated PvulI insert from pFF19H was used as a probe resulting 
in a hybridizing band of 2.4 kb only in the lanes containing DNA from hygromycin 
resistant calli (Fig. 3). The number of intact HPH gene copies per diploid genome is 
around 3 to 30. Southern probing for both types of transgenic calli also revealed 
fragments with sizes deviating from the expected 1.9 or 2.4 kb. These are due to 
rearrangements of the plasmid DNA upon transformation, a phenomenon which 
has been observed before (Paszkowski et al., 1984; Klein et al., 1988a). The 
additional two bands seen in the first two lanes of Fig. 3A correspond to a size of 
approximately 1.0 and 1.4 kb and are most probably due to star activity of the 
restriction enzyme used. 

Discussion 

We described the construction of a new vector pFF19 utilizing the 35S promoter 
region and a duplicated enhancer as 5' region to allow for high levels of transcrip- 
tion (Kay et al., 1987). The usefulness of the cassette was tested in a transient assay 
with the GUS reporter gene after introducing the plasmid pFF19G into tobacco 
suspension culture cells. Also stable transgenic fines were obtained using chimeric 
constructs carrying the selectable markers NPT II or HPH. Previous studies 
suggested that about 2-5% of the cells that transiently express a foreign gene stably 
integrate it (Klein et al., 1988a). Comparison of the number of GUS positive cells, 
as a measure of the success of DNA delivery, and of the number of kanamycin or 
hygromycin resistant clones, as the number of stable transformants, yielded a 
similar value. Efficiency of bombardment is variable (Table 1) and depends on a 
number of parameters (Klein et al., 1988b). Determining the number of GUS 
expressing cells is useful to compare efficiency of DNA delivery in independent 
experiments. In addition to the experiments described in this manuscript we tested 
expression of the GUS gene in pFF19G in suspension culture cells of Arena sativa, 
Oryza sativa and Zea mays. The number of GUS expressing ceils was comparable 
to those obtained in Nicotiana tabacum (data not shown). This observation confirms 
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earl ier  f indings which showed that  the 35S u p s t r e a m  region is active bo th  in 
t ransgenic  tobacco  and pe tun ia  p lan t s  (Odel l  et al., 1985; Jef ferson et al., 1987; 
Sanders  et al., 1987) as well as in a t rans ient  p ro top l a s t  assay of  several  dicots  and  
monocots  ( F r o m m  et al., 1985; On-Lee  et al., 1986; N a g a t a  et al., 1987). 

The  p F F 1 9  casset te  was des igned to al low for m a x i m u m  express ion of  a repor te r  
gene based  on the use of  an efficient  5 '  r egu la tory  region.  If  desired,  express ion of  
genes in the casset te  can be fur ther  improved .  A l t e r a t i ons  tha t  m a y  increase  
expression include exchange of  sequences at the 3 '  t e rminus  ( Inge lbrech t  et al., 
1989), inser t ion of  an in t ron  in be tween the t r ansc r ip t ion  and t rans la t ion  in i t ia t ion  
sites (Callis et al., 1987) and  inser t ion of  specific 5 '  un t rans la t ed  leader  sequences at  
the same pos i t ion  (Gal l ie  et al., 1987; Sleat  et al., 1987; Job l ing  and  Gehrke ,  1987; 
Ha rps t e r  et al., 1988). These sequences can be  easily i nc o rpo ra t e d  into  our  casset tes  
using the unique res t r ic t ion  sites present .  
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