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Abstract The antisense orientation of the Peanut chlo-
rotic streak virus (PCISV) open reading frame (ORF) -
VII (denoted as p7R), in conjunction with the sense
orientation of the PCISV leader sequence, acts as an
intron and enhances the expression of a reporter gene,
analyzed in protoplasts and transgenic plants of tobacco
(Nicotiana tabacum L.). Correct 5" and 3" splicing sites
were determined for intron removal from the chimeric
constructs using either fS-glucuronidase (GUS) or chl-
oramphenicol acetyltransferase (CAT) as a reporter
gene. In this splicing process, the active consensus 5
splicing donor site (AG/GTATA) is located at position
+283 to +289 from the transcription start site (TSS) of
the PCISV full-length transcript (FLt). The 3" splice site
(TAG/GATT) is located on the p7R sequence at posi-
tion +785 to +791 from the TSS. The combination of
PCISV FLt leader and p7R enhanced the expression of
reporter genes (CAT and GUS) by as much as 2-fold
compared to the strong constitutive PCISV FLt pro-
moter without an interfering leader sequence and about
30- to 800-fold compared to constructs containing the
sense orientation of PCISV ORF VII (p7) in both pro-
toplast transient-expression experiments and stably
transformed transgenic plants. An increased level of
mature transcripts accompanied this. This suggests that
this combination of elements can mediate the intron-
mediated enhancement (IME) phenomenon. We also
demonstrated comparative IME with other heterologous
promoters from caulimoviruses.
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Introduction

The ability of natural introns to enhance gene expression
has been well documented in various organisms,
including mammals (Buchman and Berg 1988; Chung
and Perry 1989), insects (Meredith and Storti 1993),
nematodes (Okkema et al. 1993), and plants (Callis et al.
1987; Luehrsen and Walbot 1991; Rose and Last
1997). The mechanism of intron-mediated enhancement
(IME), however, is not well understood. Evidence has
accumulated to suggest that after transcription, introns
increase the level of mRNA by enhancing the matura-
tion and stability of nascent transcripts (Callis et al.
1987; Mascarenhas et al. 1990; Clancy et al. 1994;
Donath et al. 1995; Dean et al. 1989; Rose and Last
1997). Unlike transcriptional enhancers, the enhancing
effect of introns is position and orientation dependent
(Callis et al. 1987; Mascarenhas et al. 1990; Snowden et
al. 1996). Deletion mapping of maize introns Adhl and
Shl shows that most intron sequences are dispensable
(Clancy et al. 1994; Luehrsen and Walbot 1994a) for
IME; however, a large internal deletion of the first
intron of the maize Adh gene reduces splicing and con-
sequently IME (Luehrsen and Walbot 1994b). A point
mutation at the 5’- or 3’- splice site of the maize Hsp82
intron impaired splicing, suggesting that IME requires
intron splicing (Sinibaldi and Mettler 1992). In contrast,
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in dicots the PAT! intron has been shown to increase
mRNA accumulation independent of a unique intron
sequence or splicing (Rose and Beliakoff 2000). The
functional mechanism for the recognition and efficiency
of IME differs in monocot and dicot species (Koziel et
al. 1996). A variety of intron-containing fragments fused
with a heterologous promoter demonstrate IME (Vain et
al. 1996; Dugdale et al. 2001). However, to retain strong
promoter activity, monocot-derived promoters like the
maize adhl promoter (Dennis et al. 1984; Callis et al.
1987), the maize ubil promoter (Christensen et al. 1992;
Christensen and Quail 1996), the maize shrunken-1
promoter (Maas et al. 1991) and the rice actin promoter
(McElroy et al. 1990) require their native first intron to
be present in the 5 untranslated region (UTR).

Peanut chlorotic streak virus (PCISV) is a species of
the genus Caulimovirus, a subgroup of the Caulimoviri-
dae family (review: Shepherd 1989; Rothnie et al. 1994).
Cauliflower mosaic virus (CaMV) is the type species of
the genus Caulimovirus. Like other caulimoviruses, the
PCISV genome of 8,174 bp (GenBank accession no.
U13988) produces two primary transcripts: one is a full-
length transcript (FLt) equivalent to CaMV 35S RNA
and the other is a subgenomic transcript (Sgt) equivalent
to CaMV 19S RNA (Richins 1993). The PCISV FLt RNA
is composed of a 346-nucleotide-long 5-untranslated
leader (5-UTR) sequence with four small open reading
frames (ORFs) followed by eight tightly arranged longer
ORFs (VII-I-A-B-C-1V-V-VI). It is a complex, highly
structured polycistronic RNA that encodes all the viral
proteins (Richins 1993). The exact mechanism involved in
translation of genes on the full-length transcript of cau-
limoviruses is not clearly established yet but several
studies suggest that the FLt of caulimoviruses functions
as a polycistronic messenger RNA.

In this report we have demonstrated that the antisense
orientation of the PCISV ORF VII (denoted as p7R) in
conjunction with the PCISV leader acts as an intron when
included into the transcription unit of chimeric gene
constructs, and enhances expression of the reporter gene,
as shown both in protoplast transient-expression exper-
iments and in stably transformed transgenic plants. The
enhanced expression is due to higher accumulation of
mature mRNA. In addition, we have shown that the p7R
IME of expression is not gene dependent; however, this
enhancement depends in part on the type of promoter
sequence used. Although the physiological significance of
this IME is not clear and IME is rather unlikely to par-
ticipate in the virus’ life cycle, the usefulness of this viral
sequence, p7R, as a tool for IME is apparent.

Materials and methods

Protoplast isolation, electroporation and plant transformation

Isolation of protoplasts from cell suspension cultures of tobacco
(Nicotiana tabacum L. cv. Xanthi ‘Brad’) and electroporation of
tobacco protoplasts with supercoiled DNA were done essentially as

previously described (Maiti et al. 1998; Dey and Maiti 1999). All
constructs were tested in at least four independent experiments.
Constructs developed for expression in transgenic plants were
introduced into Agrobacterium tumefaciens strain C58Cl:
pGV3850 by triparental mating. Tobacco plants (N. tabacum cv.
Samsun NN) were transformed with the engineered Agrobacterium
as described earlier (Maiti et al. 1993). Twelve independent plant
lines were generated for each construct. Regenerated kanamycin-
resistant plants were grown under greenhouse conditions. R1 lines
with Kan®:Kan® = 3:1 segregation were selected for further
analysis.

Chloramphenicol acetyltransferase (CAT) assay,
p-glucuronidase (GUS) assay and luciferase assay

CAT activity was determined according to Gorman et al. (1982).
Plant tissue extracts containing 5 pg of soluble protein were used
for each CAT assay. The reaction was carried out at 37 °C for
30 min. The rates of reaction were linear over the period of incu-
bation. Fluorometric assays to measure GUS activity in plant tis-
sue or protoplast extracts were performed according to Jefferson
et al. (1987) as described earlier (Maiti et al. 1997). Protein in plant
extracts was determined according to the method of Bradford
(1976) using BSA as a standard. Luciferase activity was measured
in transfected protoplasts using a luciferase assay system (Promega,
Cat. No. E1500) with a luminometer (Model No. TD2020; Turner
Designs, Sunnyvale, CA, USA).

Analysis of transgenic plants: isolation of RNA,
northern blot analysis

Total cellular RNA from electroporated protoplasts or 4-week-old
seedlings was isolated using the RNeasy plant mini kit (Qiagen,
Chatsworth, CA, USA) and the RNA blots were done as described
earlier (Bhattacharyya et al. 2002). DNA probes were generated
using a random labeling kit (Prime-It; Stratagene, La Jolla, CA,
USA) with [*?P]JdCTP. Radio-labeled probes were purified by using
QIA quick nucleotide removal kit (Qia%en).

The RNA blots were probed with **P-labeled DNA probes of
GUS, CAT, PCISV leader, 3'rbcSE9 terminator sequence or
gene VII sequence to detect the different spliced and full-length
transcripts.

Reverse transcription—polymerase chain reaction
(RT-PCR) analysis

DNase-treated RNA (2 pg) was used in a one-tube DNase/RT
reaction (20 pl) following the procedure described by Huang et al.
(1996) with slight modifications using an RT-PCR kit (Life
Technologies, Rockville, MD, USA). For the no-reverse-trans-
criptase control, an individual reaction was performed in parallel
without addition of reverse transcriptase. A 1/20 volume (1 pl) of
RT reaction was used in the subsequent PCR reaction with
appropriately designed forward and reverse primers to detect the
spliced and full-length transcripts. The PCR reaction was per-
formed in a total volume of 25 ul for 30 cycles (92 °C for 30 s,
55 °Cfor 30 s, 68 °C for 2 min). As a negative control, each primer
pair was tested against DNase-treated RNA to confirm cDNA
dependence of amplification. PCR products were displayed on an
ethidium bromide-stained agarose gel.

Real-time quantitative RT-PCR (qRT-PCR)

The expression level of GUS mRNA in transgenic plants developed
for plasmids pKPG, pKPLG, pKPL7RG and pKPL7G was eval-
uated by real-time qRT-PCR as described earlier (Maiti et al.
2003). Isolation of total cellular RNA from plants and synthesis of
first-strand ¢cDNA was performed as described earlier. A 90-bp
fragment was amplified from the full-length GUS transcript using



specific primer pairs. A plasmid containing the full-length GUS
cDNA was used as an external control. Serial dilution (10> to 10*
copies/pl) of the control plasmid was used to generate a standard
curve. A housekeeping gene (tobacco a-tubulin, accession no.
AJ421413) was used as an internal control to correct any variation
in samples. PCR amplification was performed in the DNA Engine
Opticon2 System for continuous fluorescence detection (MJ Re-
search, Watertown, MA, USA) in a total volume of 20 pl con-
taining 1 ul of cDNA, gene-specific primers using DyNamo SYBR
Green qPCR kit (MJ Research). Each PCR reaction was performed
in triplicate using the following conditions: 94 °C for 30 s; 55 °C
for 30 s; 72 °C for 30 s; 78 °C for 1 s; plate read, 35 cycles followed
by 5 min extension at 72 °C. Copy number of the target samples
was calculated using the Opticon Monitor software. Melting curve
analysis (Ririe et al.1997) was done to characterize the amplified
products by slowly raising the temperature (0.2 °C/s) from 65 °C to
95 °C with fluorescence data collected at 0.2 °C intervals.

Construction of plasmids pUP9, pKP9, pUPIL and pKPIL

A 377-bp fragment of the FLt promoter of PCISV (-353 to +24
from the TSS; corresponding PCISV genomic coordinates 5725—
6101) was PCR-amplified as an EcoR1-Hindlll fragment from the
genomic clone: pPCISV-K1 (Ducasse and Shepherd 1995) using
appropriately designed forward and reverse primers. The EcoRI-
HindIIl promoter fragment (called P9) was cloned into the corre-
sponding sites of pUCPMA (Dey and Maiti 1999) and pKYLX71
(Schardl et al. 1987) by substituting the CaMV 35S promoter. The
resulting plasmids were designated as pUP9 and pKP9, respec-
tively. The ‘K’ in a construct name indicates a plasmid capable of
stable transformation.

A 698-bp fragment of the PCISV FLt promoter with its ex-
tended leader sequence (PCISV genomic coordinates 5725-6422)
was amplified as an EcoRI-HindIIl fragment by PCR using
pPCISV-K1 as template with appropriately designed primers. The
EcoRI-Hindlll promoter—leader fragment was cloned into the
corresponding sites of pUCPMA (Dey and Maiti 1999) and
pKYLX71 (Schardl et al. 1987). The resulting plasmids were
named pUPI9L and pKPI9L, respectively.

Construction of pBp7 and pBp7R

The ORF VII of PCISV (coordinates 6424-6855 in the PCISV
genome) was amplified from the genomic clone pPCISV-K1
(Ducasse and Shepherd 1995) with appropriately designed forward
and reverse primers to insert an Xhol site at the 5-end and Sa/l-
Sstl sites at the 3’-end. The amplified fragment was cloned as
Xhol-SstI into the corresponding sites of pBS(KS +) (Stratagene).
The resulting plasmid was designated as pBp7. The ORF VII was
PCR-amplified with appropriately designed primers to insert
Sstl-Sall sites at the 5’-end and an Xhol site at the 3’-end, and it
was cloned into the Xhol-Sst1 sites of pBS(KS+) (Stratagene) to
create the plasmid pBp7R that contains the antisense of PCISV
ORF VII.

Construction of plasmids pBG, pPG, pPLG, pKPG, pKPLG,
pBC, pPC, pPLC, pKPC, pKPLC and pBLuc, pPLuc, pPLluc

The coding sequence of the reporter gene (GUS, CAT or luciferase)
was PCR-amplified using appropriately designed primers to insert
an Xhol site at the 5-end and Sall-SstI sites at the 3’-end. The
PCR-amplified fragment of either GUS, CAT or luciferase was
cloned separately as Xhol-SstI into the corresponding sites of
pBS(KS +) (Stratagene), pUP9, pUPIL, pKP9, pKPIL to generate
the plasmids pBG, pPG, pPLG, pKPG, pKPLG with the GUS
reporter gene; pBC, pPC, pPLC, pKPC, and pKPLC with the CAT
reporter gene; and pBluc, pPluc, pPLluc with the luciferase gene,
respectively.
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Construction of pBp7G and pBp7RG; pBp7C and pBp7RC

The GUS reporter gene isolated as an Xhol-SstI fragment from the
plasmid pBG was inserted into the Sa/l-SstI sites of pBp7 and
pBp7R to create the plasmids pBp7G and pBp7RG, respectively.
Similarly, the CAT reporter gene was isolated from the plasmid
pBC as an Xhol-Sstl fragment and cloned into the Sa/l-Ss:I sites
of pBp7 and pBp7R to generate the plasmids pBp7C and pBp7RC,
respectively.

Construction of plant expression vectors containing the P9
promoter and P9 promoter—leader sequence for transient
protoplast expression and expression in stably transformed
transgenic plants

The Xhol-Sstl fragments from pBp7G, pBp7RG, pBp7C, and
pBp7RC, were cloned separately into the corresponding sites of the
protoplast expression vector pUP9 (containing the P9 promoter)
and pUPIL (containing the P9 promoter—leader), to create the
following plasmids: pP7G, pP7RG, pP7C, and pP7RC, respectively
with the P9 promoter; and plasmids pPL7G, pPL7RG, pPL7C, and
pPL7RC, respectively with the P9 promoter—leader.

For stable transformation in transgenic plants, the Xhol-SstI
fragments mentioned above were cloned individually into the plant
expression vector pKPIL with the promoter—leader. The following
plant constructs were created: plasmids pKPL7G, pKPL7RG,
pKPL7C, and pKPL7RC, respectively with the P9 promoter—lea-
der. A control plasmid vector that lacks the P9 promoter—leader
sequence was developed by EcoRI-HindIIl digestion of pUPI9L
followed by end-filling and ligation to create the plasmid pUA. All
plant expression vectors generated for this project contain the
3’tbcSE9 terminator sequence.

Cloning of the spliced fragment of RT-PCR products
into protoplast expression vectors

The RT-PCR products from matured spliced transcripts of
KPL7RG-plants and KPL7RC-plants were produced using
appropriately designed forward primer corresponding to the 5’-end
of the leader (+24 from TSS) with a HindlIII site and reverse pri-
mer corresponding to the 3-end of the GUS or CAT gene with a
SstI site. The PCR-amplified 5-HindIII-Ss/1-3" fragment of the
partial deleted leader either with a GUS or CAT gene was cloned
separately into the HindIll/Ss¢I sites of the protoplast-expression
vector pUPY to generate the plasmid pPrtpcL,g4G or pPrtpcLog,C.
As a control, the PCISV leader sequence (coordinates +25 to +284
from TSS) was amplified as a 5-HindIII-Xhol-3" fragment and
cloned into the corresponding sites of pPG to generate the con-
struct pPLyg4G.

DNA sequencing of RT-PCR products

For DNA sequencing, RT-PCR products of total RNA from
plants developed for constructs pKPLC, pKPL7C, pKPL7RC,
pKPL7RG, pKPLG and pKPL7G were used. The following pri-
mer pairs, forward primer: 5’PL6078xh#428 (5-GCGGGCTC-
GAG ACCCGATCGAGAAGACAC-3’), 18-nucleotide (18-nt)
leader sequence +1 to +18 from TSS (underlined), Xhol site
(bold); and reverse primer: 3'rbcE9/16P#444 (5-ATGCAGCTG-
CAG TGTCGAAACCGATGTTAC-3), corresponding to the 5'-
terminal 18-nt sequence of the rbcS polyA tract (underlined), Pstl
site (bold) were used. Automated DNA sequencing was done with
an Applied Biosystems ABI Prism 310 Genetic Analyzed (Perkin
Elmer) using ABI Prism Dye terminator cycle sequencing ready
reaction kit containing Ampli Taqg DNA polymerase, as described
earlier (Dey and Maiti 1999).
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Results

Enhanced expression of genes in plants
using the PCISV leader and the antisense
orientation of PCISV ORF VII (p7R)

There remains some ambiguity regarding the cis-func-
tional role of gene VII of caulimoviruses (Futterer and
Hohn 1991; Richins 1993). To determine the effect of
PCISV ORF VII (denoted as p7) on the expression of
the downstream gene(s), several constructs were gener-
ated with sense and antisense orientation of p7 fused in
frame with the GUS or CAT reporter gene. These con-
structs all possessed the P9 promoter (PCISV FLt pro-
moter), with or without the associated leader (L). The
results of protoplast transient expression experiments
with these constructs are shown in Fig. 1. The expres-
sion levels seen with construct pPG or pPC, where GUS
or CAT is controlled by the PCISV FLt promoter, were
set as 100%. GUS activity was reduced to 22% when the
leader was included (construct pPLG) and was further

Fig. 1 Effect of PCISV leader, ORF VII and antisense-ORF VII
on the transient expression of downstream reporter genes (either
GUS or CAT) in protoplasts of tobacco (Nicotiana tabacum L. cv.
Xanthi). Top A portion of the PCISV genome (nucleotide positions
5725-6858 in parenthesis; corresponding coordinates —335 to
+768 from the TSS) representing the PCISV FLt promoter (PY;
—353 to +24), untranslated leader sequence (L; shaded box) and
ORF VII (open box) is shown. Below Schematic maps of respective
constructs containing the PCISV FLt promoter (P9), leader (L),
sense (p7) or antisense (p7R) strand of ORF VII, and GUS (G) or
CAT (C) gene are presented (boxes). Right-handed or left-handed
arrowhead indicates orientation of ORV VII as p7 or p7R,
respectively. Protoplast transient expression analysis was per-
formed as described in Materials and methods. Expression of P9
luciferase was used as an internal control for transfection efficiency.
The levels of GUS and CAT expression are presented as percent
activity of pPG or pPC (Maiti and Shepherd 1998), and these were
routinely used as positive GUS and CAT expression plasmids for
these experiments. The data are the mean GUS or CAT activities
(£ SD) of five independent experiments for each construct

reduced to 5% when the ORF VII was included along
with the leader (construct pPL7G; Fig. 1) compared to
construct pPG where GUS is under the strong P9 pro-
moter. Similarly, CAT activity in construct pPLC was
reduced to ~22% compared to pPC (Fig. 1).

To determine the requirement of ORF VII (p7) in
expression of downstream genes, p7 was replaced with
the antisense orientation p7R (construct pPL7RG and
pPL7RC). Surprisingly, the construct pPL7RG showed
30-fold higher GUS expression than that obtained from
the construct pPL7G. The GUS expression level with
pPL7RG was even 1.5-fold higher than that obtained
with pPG, where GUS is under the strong constitutive
PCISV FLt promoter without interfering leader se-
quences. Similarly, pPL7RC gave 27-fold more CAT
activity than did pPL7C (Fig. 1). Our results suggest
that, in this context, enhanced expression of downstream
genes is not a gene-dependent phenomenon.

These results may reflect a promoter activity of the
antisense orientation of the PCISV ORF VII coding
region. However, no GUS activity was detected with the
construct pA7RG, where the PCISV promoter—leader
region was deleted and the GUS gene is under p7R
(Fig. 1). Therefore, the behavior of neither the PCISV
leader nor the p7R sequence on expression of down-
stream genes in plants is due to promoter effects.

Transgenic plant expression analysis

Ten to twelve independent transgenic lines were devel-
oped for each of the following GUS and CAT con-
structs: pKPG, pKPLG, pKL7G, pKPL7RG, pKPC,
pKPLC, pKL7C, and pKPL7RC as described in
Materials and methods. Integrity of the construct in
transgenic plants (Ro lines) was checked by PCR and
RT-PCR analysis followed by DNA sequencing (data
not presented). The expression of the GUS reporter
genes in kanamycin-resistant seedlings (R1 progeny,
second generation) was measured and analyzed for each
construct. The results are shown in Fig. 2a. This
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Fig. 2 a Expression analysis of constructs pKPG,
pKPL7RG, pKPL7G by real-time qRT-PCR in stably trans-
formed transgenic tobacco plants. Twelve independent lines were
made for each construct. For transgenic plant assay, independent
lines (R1 progeny, second generation) with Kan®:Kan®=3:1 were
selected. Samsun NN was used as the untransformed control. GUS
activity (nmol 4-methylumbelliferone min~' mg™'; mean + SD) is
presented for each construct. b Average initial copy number of
GUS transcripts per 100 ng of total RNA in transgenic lines
derived for the constructs as indicated, and untransformed Samsun
NN (Control)

expression level was about 2-fold higher in pKPL7RG
lines than in pKPG lines. Interestingly, GUS expression
in plants carrying pKPL7RG was about 800-fold higher
than that in plants carrying pKPL7G.

Real-time quantitative RT-PCR analysis was per-
formed to determine the abundance of GUS transcripts
in plants developed for the various chimeric constructs.
The accumulation of GUS transcripts in pKPL7RG-
plants was about 1.3-fold more than in pKPG-plants,
about 35-fold higher than in pKPL7G-plants, and about
10-fold greater than in pKPLG-plants (Fig. 2b). Melting
curves were analyzed for the sample (GUS) as well as the
internal control (a-tubulin) to test the specificity of the
PCR product. The melting curve showed a smooth de-
cline in fluorescence with an increase in temperature as
the strands of double-stranded DNA dissociated and the
bound SYBR Green was released. The melting temper-
ature was seen as a single peak at 81 °C for GUS and
83 °C for a-tubulin, indicating the homogeneity of the
amplified products. These data indicate that p7R
sequence increased the transcript level, and thus an
increase in mRNA abundance is responsible for high
expression of the GUS gene.
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Splicing of p7R-containing RNAs enhanced
gene expression

To better understand the nature of the effects of p7R on
reporter gene expression, transcripts arising from
pKPG, pKPLG, pKPL7G, pKPL7RG, pKPLC, and
pKPL7RC, were analyzed by northern blots. Plants
containing the pKPLG construct showed an expected
band of ~2.4 kb when probed with either the PCISV
leader (Fig. 3a, lane 2), GUS (Fig. 3b, lane 2) or rbcS3’
(Fig. 3e, lane 4). Plants carrying pKPL7RG had a
transcript of ~2.3 kb that hybridized with the leader
(Fig. 3a, lane 3), GUS (Fig. 3b, lane 3) or rbcS3’
(Fig. 3e, lane 3) probes. This is about 500 nt smaller
than the expected size. A small amount of a 2.8-kb RNA
(the size expected for this gene) can be seen after a very
long exposure (data not shown). This result suggests that
as much as ~0.5 kb may be spliced out from the tran-
script encoded by pKPL7RG.

When RNA blots were probed with labeled p7,
samples from pKPL7RG-plants did not show any signal
(data not shown), indicating that the p7 sequence may
be spliced out. Plants containing the construct pKPL7G
that contain the p7 segment (sense strand of PCISV
gene VII) gave a transcript of ~2.8 kb when probed
with [**P]JGUS(Fig. 3b, lane 4). Transgenic control
plants containing pKPG gave a transcript of expected
size ~2.1 kb (Fig. 3b, lane 5). The abundance of the 2.8-
kb transcript was very low in pKPL7G-plants compared
with that from pKPLG-plants, pKPL7RG-plants or
pKPG-plants, (compare lane 4 with lanes 2, 3 and 5,
respectively, in Fig. 3b). This suggests that the p7R
sequence was spliced out as an intron from the pre-
mRNA (corresponding to leader—p7R-GUS, size of
~2.8 kb).

Similar studies were performed with plants that carry
CAT-containing constructs. When probed with the CAT
sequence, plants transformed with pKPLC gave a tran-
script of expected size ~1.3 kb (Fig. 3d, lane 2). Plants

Fig. 3a—e Northern analysis of total RNA isolated from transgenic
tobacco and untransformed tobacco (Samsun NN). Blots were
hybridized with leader (a), GUS (b), leader (¢), CAT (d), and
rbcSE9 (e) probes. The name of the construct used for transfor-
mation is at the top of each lane. Size (in kb) of the standard RNA
marker (Millenium marker from Ambion) is on the right-hand side
of each blot. Equal loading of RNA was confirmed by ethidium
bromide staining of rRNA as indicator
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transformed with pKPL7RC showed a major transcript
of size similar to that seen for pKPLC plants (Fig. 3d,
lane 1); this is about 500 nt less than the predicted size
(1.7 kb). Plants carrying pKPLC and pKPL7RC gave
a very similar size of transcripts when probed with either
the leader sequence (Fig. 3c, lanes 1 and 2, respectively)
or the rbes3’ sequence (Fig. 3e, lanes 1 and 2, respec-
tively). Our results suggest that the p7R sequence is re-
moved from the pre-mRNA. Splicing of p7R as an intron
is also independent of reporter CAT and GUS gene se-
quences tested here. Therefore, the discrepancy between
expected and actual mRNA size for pKPL7R-constructs
does not depend on the nature of the reporter gene.

A northern blot of total RNA isolated from plants
carrying pKPLC, pKPL7RC, pKPLG and pKPL7RG,
when probed with rbcS3’ sequences, showed the range of
transcripts seen with other probes (Fig. 3¢). Therefore,
all of these mRNAs contain the rbcS3’ polyA sequence.
This argues against an alternative poly(A) site choice as
an explanation for the discrepancies mentioned above.

As expected from the qRT-PCR analysis, the relative
abundance of transcript from pKPL7RG-plants
was severalfold higher than that from the pKPLG-plants
(Fig. 3b, compare lane 3 with lane 2) and pKLP7G
(Fig. 3b, compare lane 3 with lane 4). Similarly with the
CAT reporter gene, pKPL7RC-plants showed greater
transcript levels than pKPLC plants (Fig. 3c, compare
lane 1 with lane 2). Taken together, our data indicate
that the p7R sequence increased the abundance of the
GUS and CAT transcripts. It is thus likely that an in-
crease in mRNA abundance is responsible for high
expression of these chimeric gene constructs.

Identification of splicing sites through RT-RCR
and DNA sequencing

In order to find the structural differences in various
transcripts, RT-PCR analysis was conducted using
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Fig. 4 RT-PCR analysis of total RNA from tobacco plants
developed for constructs as indicated. The general structure of
these constructs is shown in Fig. 1. RT-PCR analysis is displayed
for untransformed Samsun NN (lane 1), pKPG (lane 2), pPKPLG
(lane 3), pKPL7RG (lane 4), pKPL7G (lane 5), DNA size marker
(M, lane 6; size in kb is indicated on the left), pKPC (lane 7),
pKPLC (lane 8), pKPL7RC (lane 9) and pKPL7C (lane 10)

primers designed to amplify the full-sized mRNAs as
described in Materials and methods. The pKPG-plants
gave an ~1.8-kb GUS product of expected size (Fig. 4,
lane 2). An RT-PCR product of size ~2.1 kb (corre-
sponding to leader with GUS; Fig. 4, lanes 3 and 4) was
seen in samples from both pKPLG and pKPL7RG plant
lines, as expected from the northern results. An ~2.5-kb
band of expected size was obtained from the pKPL7G-
plants. In addition, RT-PCR products of expected size
~0.7 kb, ~1.0 kb, ~0.95 kb and =~1.4 kb were obtained
from plants carrying pKPC (lane 7), pKPLC (lane 8),
pKPL7RC (lane 9) and pKPL7C (lane 10), respectively.
DNA sequence analysis of this 2.1-kb RT-PCR frag-
ment from pKPL7RG-plants and 0.95-kb RT-PCR
fragment from pKPL7RC-plants showed that the entire
5’-end of the p7R sequence, except the terminal 8 nt
from the 3’-end of p7R, and the 60 nt from the 3’-end of
the leader sequence were absent (Fig. 5). The RT-PCR
product from transcript of pKPLG-/ pKPLC-plants or
pKPL7G-/ pKPL7C-plants lacked the deletion seen with
p7R-derived constructs. The sequences of the RT-PCR
DNA products from five independent transgenic lines
harboring pKPL7RG or pKPL7RC constructs clearly
showed that the p7R sequences were absent from the
pre-mRNA. Invariably, the junction sequences at the 5’-
and 3’-exon—intron border are CAG/GUAU and UAG/
GAUU, respectively (Fig. 5). These fit the consensus
splice site for plants, and strongly suggest that the
missing sequence has been removed by splicing. The

+1(TSS)

d

ACACGATCGA GAAGACACGG CCATTTGGAC GATCATTTGA GAGTCTAAAA 50
GAACGAGTCT TGTAATATGT TTTTCAGAGA TAATAAAATT ATGATATTCA 100

GTTATTCTAT GAGTCACTAG AAACCTTTCA AGGTTATAGC TAGTAGAGGT 150

ATACTGTTAT AGAAATAGCA GATTTCCAGA TTTCACTGAA GAGCGCGTCA 200
GGAACTCGCA CGACTGAAGC CAGGTGGGCG TTTATGTGCT GGAGGCCGCA 250

5’splice site
AGCGTTGTGA AAGGAAGGGC TATAGATATA TCAGLGTATAT TTCGAACGCT 300

GTAATCTTGA AGTTTTAAAT CATAGAATTT TCTCTGAATA AGAAATaagc 350
ttggatectc gagCTAGACA TTATAGATAG CTTTCTGGAT GTCTTTATAA 400
AACATGTTGA TTCTGGGGAT AACTATGTTA TCTAAGATCA AATGTTTACT 450
AGTTATCTTA TAATCAAAAT TTTCTAAGAA ATCAATTCCT AACAAAACTT 500
TTTTCTTTTC TGGGTTTCTA CGATTATCTA CTGGTATTTC AACATTTATC 550
TTTATGTCTT TTGTAAAGAT TATTTCTACA CTGGCTAACT TTTCATTGGT 600
GACTTCCTCA CCATCATATG TTATATATGA TATTGGATTT CCTCCATCAT 650
ATATCTCATA TGTTAGATCC TTGGAGATGT GGGATGAACA TGCTCCTGTG 700
TCTATTAGTA TGATGCATAG CTGTTTATTA ACATATGCAA TAACATGATA 750

3’ splice site
TTGACTATAA TTTTGTTCGT CTAATTTTAT CTGATAGLGAT TTCAT 795

Fig. 5 DNA sequence of the PCISV full-length transcript-leader
(coordinates 1 to 346), fused with the p7R sequence (coordinates
364 to 795) is presented from left to right in the 5" to 3’ direction.
The transcription start site (7SS, +1), leader-p7R junction
sequence (lower case), 5" and 3’ splicing sites (bold, cleavage point
indicated by an arrow), and unused 5 splice site (underlined) are
shown



active 5 splice site (AG/GTATA) is at position (+ 283
to +289) from TSS. An identical consensus 5" splice site
at position (+147 to +153) from TSS (Fig. 5) is not
activated by the p7R sequence in this context. The
consensus active 3’ splice site (TAG/GATT) is located
on the p7R sequence at position (+ 785 to +789) from
the TSS (Fig. 5).

Intron-mediated enhancement (IME) is responsible for
the higher expression in the p7R-derived constructs

In order to distinguish the role of splicing and the effect,
if any, of the truncated leader (i.e. devoid of 3’ terminal
60 nt that is spliced out from the leader), with and
without the 3’-terminal 8 nt of p7R, constructs
pPrtpcl,g4G and pPL,gsG were studied. The difference
between these two constructs is that the latter is devoid
of the 3’-terminal 8 nt of p7R. The pPrtpclL284G
mRNA is identical in structure to the spliced mRNA
from the construct pPL7RG. The levels of GUS
expression obtained with constructs pPrtpcL,g4sG and
pPLys4sG were very similar (Fig. 6). Although the
expression levels with both constructs were 2-fold higher
than that obtained with the pPLG construct (which
contains the entire leader sequence), they were about
50% less than that obtained with pPL7RG (Fig. 6). The
level of GUS expression in pPL7RG was 42% higher
than that obtained from pPG (where the GUS gene is
under the strong P9 promoter). These results suggest
that the higher level of expression of the downstream
GUS gene in pPL7RG is an IME phenomenon.

Promoter specificity

In order to test the promoter specificity in splicing of p7R
and subsequent enhancement of gene expression, the P9
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Fig. 6 Splicing of the intron is essential for maximum enhancement.
The construct pPrtpcL,g4G contains the sequence as in the mature
RNA after splicing. It is devoid of the 60-nt-long 3’-terminal leader
sequence but contains the 3’-terminal 8 nt of the p7R sequence
(Fig. 5). The construct pPL,g4G is devoid of the 60-nt-long 3'-
terminal leader sequence. The construct pPLG contains the whole
leader sequence. The PCISV strong P9 promoter directs the GUS
gene in pPG. These constructs were generated as described in
Materials and methods
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promoter was substituted with other caulimovirus pro-
moters and the resulting constructs were analyzed in a
protoplast transient-expression assay. Results are shown
in Table 1. The GUS activities of constructs with the
respective promoters but without the PCISV leader and
p7R sequence were taken as controls. The CaMV 35S,
19S promoters and the Casava vein mosaic virus (CVMV)
FLt promoter (Verdaguer et al. 1996), as well as the
Mirabilis mosaic virus (MMYV) Sgt promoter (Dey and
Maiti 2002), showed about 1.5- to 2-fold more activity
than the respective controls, whereas the MMV FLt (Dey
and Maiti 1999), Figwort mosaic virus (FMV) FLt (Maiti
et al. 1997), and FMV Sgt (Bhattacharyya et al. 2002)
promoters showed a slightly decreased expression level
compared with controls. However, the size and sequence
analysis of RT-PCR products derived from the total
RNA isolated from electroporated protoplasts revealed
that splicing occurred in those constructs containing any
of the caulimovirus promoters tested in this context (data
not presented).

Discussion

p7R intron-mediated enhancement of expression
is an IME phenomenon, and it is not gene dependent

Here we have documented that the antisense orientation
of the PCISV ORF VII (denoted as p7R), in conjunction

Table 1 Influence of various caulimovirus promoters on the p7R-
intron-mediated enhancement of gene expression in tobacco
(Nicotiana tabacum L. cv. Xanthi). Constructs were assayed in
tobacco protoplast transient-expression experiments. The physical
map of each GUS construct containing the caulimovirus promoter
is shown: CaMV 35S promoter (355), MMV FLt promoter (M12),
FMV FLt promoter (£7), CVMV FLt promoter (C/), FMV Sgt
promoter (FS3), MMV Sgt promoter (MS8), CaMV 19S promoter
(19S), PCISV leader (L) and the antisense orientation of PCISV
ORF VII (p7R). In these promoter constructs the 5-EcoRI-P9—
HindIII-3" promoter fragment in pPL7RG and pPG was replaced
with other caulimovirus promoters as indicated. Each construct
was assayed at least two times in two independent experiments. The
average GUS activity is presented as fold enhancement of the
respective control. The variation was within 10% of the presented
value

Enhancement of GUS
activity (-fold)

General structure of
promoter construct

355-GUS 1.0
355-L-p7R-GUS 2.00
M12-GUS 1.0
M12-L-p7R-GUS 0.83
FI-GUS 1.0
F1-L-p7R-GUS 0.82
C1-GUS 1.0
Cl-L-p7R-GUS 1.4
FS3-GUS 1.0
FS3-L-p7R-GUS 0.78
MS8-GUS 1.0
MS8-L-p7R-GUS 1.63
19S-GUS 1.0
19S-L-p7R-GUS 2.0
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with the PCISV leader, can enhance the expression of a
downstream gene by functioning as an intron. In this
splicing process, the active 5 splicing donor site is lo-
cated at +283 from the TSS on the leader sequence; and
the 3’ splice site is located on the p7R sequence at po-
sition (+ 785 to +791) from the TSS (Fig. 5). The p7R
is spliced-out itself, along with the 3’-terminal 60 nt of
the PCISV leader sequence.

The construct pPrtpcl,gsG yielded half of the
expression obtained from pPL7RG (Fig. 6), even though
both constructs should produce transcripts with the same
sequence. The functional difference between the two
constructs is that RNAs derived from the latter undergo
splicing. Therefore, p7R-mediated enhancement of
expression is an IME phenomenon. The IME phenom-
enon has been found to be more efficient in monocot
plants rather than dicot plants (Tanaka et al. 1990; Vain
et al. 1996) and it may be a gene-dependent process
(Rethmeier et al. 1997). Our results clearly establish that
the p7R sequence can function as an intron in dicot to-
bacco plants and may not be gene-dependent as it is able
to enhance expression of both GUS and CAT.

It is believed that the small ORFs present in the 5
leader regions of the caulimovirus full-length transcript
are inhibitory to the translation process of downstream
genes. We find that the deletion of the 3’-terminal 60 nt
from the PCISV leader (construct pPL,g4G) can enhance
expression of a downstream gene at least 2-fold compared
to pPLG (Fig. 6). The four small ORFs present in the
leader sequence are not affected by the deletion of 60 nt
from its 3’-end terminal. It may be concluded that small
ORFs on the PCISV leader are not solely responsible for
inhibiting the translation of the downstream genes.
Rather, the 3’-terminal 60 nt of the PCISV leader may
have some important role in secondary structure forma-
tion that controls the translation of downstream genes.

The GUS expression level in construct pPrtpcL,g4G
(general structure: P9-leader1-284 + 3’-terminal p7R
8 nt—-GUS) did not differ from that of the construct
pPL,g4G  (general structure: P9-leaderl-284-GUS;
Fig. 6). The latter construct has only the 3’-truncated
leader and is devoid of the 3’-terminal 8 nt of p7R. This
suggests that the 8-nt terminal sequence of p7R has no
appreciable effect on the expression of a gene in this
context.

We have also shown (Table 1) that the splicing of
p7R occurs independently of the promoter used in this
context; however, the splicing event does not always lead
to an enhancement of gene expression. Similar results
have been reported for the Adhl-S intron in maize cells
(Luehrsen and Walbot 1991). More work will be needed
to evaluate the mechanism of the IME phenomenon.

Uracil (U)-richness of the p7R intron may play a role
in activation of splicing sites

There are ambiguities about the mechanism of IME
(Rethmeier et al. 1997; Rose and Beliakoff 2000). In

plants it is a common feature that introns act post-
transcriptionally to increase mRNA accumulation. It
has been suggested that a highly U-rich intron stabilizes
the nascent transcript by providing targets for protective
RNA-binding factors (Gniadkowski et al. 1996), or
heterogeneous nuclear ribonucleoproteins and spliceos-
omal assembly (Krecic and Swanson 1999). The U-rich
p7R (U content 42.1%) may play the same role in pro-
moting the accumulation of higher amounts of pro-
cessed mRINA.

Plant introns are very AU-rich. Although p7R is not
of plant origin, it functions as an intron in plants prob-
ably due to its AU-richness (70.6%). The constructs
pKPL7G and pKPL7RG have the same p7 regions, and
the same leader sequence; moreover, they have the same
junction sequence between the leader and p7 or p7R, as
well as between p7 or p7R and the reporter gene. The
difference between the two constructs involves only the
sense and antisense strand of PCISV ORF VII (p7). The
sense strand of ORF VII (p7) did not activate the 5
splicing donor site in the PCISV leader. However, p7R
activated the 5" splicing donor site in the leader so effi-
ciently that the level of unspliced pre-mRNA was very
low, maybe less than 1%. The AU-contents for p7 and
p7R are the same (70.6%) whereas they differ in U-con-
tent (28.5% in p7 and 42.1% in p7R). It may be that the
intron nature of p7R in plants is due to the U-richness
and/or number of U-rich tracts in the sequence. Sequence
comparison of different plant introns also showed that
U-richness of the intron sequence, but not the AU-rich-
ness, is the defining feature of a plant intron (Ko et al.
1998), especially in maize. U-rich motifs play a critical
role in the recognition of the 3’ splicing acceptor site in
Saccharomyces cerevisiae (Guthrie 1991; Umen and
Guthrie 1995) and in plants (Bayton et al. 1996).

Surrounding junction sequence of two identical donor
sites in the PCISV leader

The PCISV leader sequence has two identical 5" splice
junction sequences (AGGUAUA) at + 148 and +284 nt
from the TSS (Fig. 5). However, p7R can only activate
the 5" splice site at the +284 nt position. The other
donor site (+ 148 from TSS) was not activated in this
context. An identical UAUAG motif at the —14 to -9 nt
upstream position of both donor sequences AG/GUA-
UA (i.e. +148 nt and +284 nt position of leader from
TSS) is present. The region upstream of the UAUAG
motif (=45 to —16) is highly purine-rich (73.4%) in the
functional 5" donor site (+284 nt position of leader)
whereas the purine content is 46.7% upstream of the
other (unused) 5 donor site (+ 148 nt position of lea-
der). This highly purine-rich sequence upstream of the
splicing donor site might have some interacting role with
U-rich intronic sequences or U-rich-binding transacting
factors. It had been established that purine-rich motifs
located upstream and downstream of the exon—intron
border regulate alternative splice-site selection in plants



(Egoavil et al. 1997), chicken troponin T (TNT) exon 16
(Wang et al. 1995), mouse immunoglobulin exonM2
(Ramchatesingh et al. 1995), and avian ASLV env exon
(Tanaka et al. 1994). However, such a purine-rich se-
quence is absent downstream of the splicing donor-site
of p7R.

The role of a branch-point sequence (YUNAN) in
plant-intron splicing is poorly understood, as it is rela-
tively less conserved (Brown et al. 1996) than that in
animal and yeast systems. A number of such conserved
motifs are present on the entire length of the p7R se-
quence. The p7R has a branch-point sequence in the
region —30 to —50 nt from the 3’ splicing site.

Recently, a number of reports on splicing events in
plants have addressed the activation of 5" and 3’ splicing
sites (McCullough et al. 1993; Watakabe et al. 1993;
Bayton et al. 1996; Simpson and Filipowicz 1996;
Egoavil et al. 1997, McCullough and Schuler 1997;
Bourgeois et al. 1999; Alvarez and Wise 2001), as well as
the plant intron recognition signal (Luehrsen and
Walbot 1994a, 1994b; Ko et al. 1998; Lambermon et al.
2000; Romfo et al. 2000). However, little is known about
the nature of viral sequences that function as introns or
exons in the plant nucleus. The viral sequences, reported
here, may serve as a model for identifying the cis and
trans elements required for plant pre-mRNA splicing.

It is evident that the p7R in conjunction with part of
the PCISV leader sequence can function as a model in-
tron in plants. The PCISV leader with the p7R sequence
can be used to construct genetic tools for intron-medi-
ated enhanced expression of genes in plants. p7R is not a
natural plant intron but it can be used as a model system
for plant intron studies. It will be interesting to identify
the frans-acting factors responsible for plant pre-mRNA
splicing as well as activation of the 5 splice site.
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