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Abstract

The cassava vein mosaic virus (CVMYV) is a double stranded DNA virus which infects cassava plants (Manihot
esculenta Crantz) and has been characterized as a plant pararetrovirus belonging to the caulimovirus subgroup.
Two DNA fragments, CVP1 of 388 nucleotides from position —368 to + 20 and CVP2 of 511 nucleotides from
position —443 to +72, were isolated from the viral genome and fused to the uidA reporter gene to test promoter
expression. The transcription start site of the viral promoter was determined using RNA isolated from transgenic
plants containing the CVMYV promoter:uidA fusion gene. Both promoter fragments were able to cause high levels
of gene expression in protoplasts isolated from cassava and tobacco cell suspensions. The expression pattern of the
CVMYV promoters was analyzed in transgenic tobacco and rice plants, and revealed that the GUS staining pattern
was similar for each construct and in both plants. The two promoter fragments were active in all plant organs tested
and in a variety of cell types, suggesting a near constitutive pattern of expression. In both tobacco and rice plants,

GUS activity was highest in vascular elements, in leaf mesophyll cells, and in root tips.

Introduction

The cassava vein mosaic virus (CVMYV) infects cas-
sava plants in north-eastern regions of Brazil. Infected
plants develop chlorosis along the veins which evolves
later into a mosaic pattern. The circular double stran-
ded DNA genome of the CVMV is encapsidated in
50-60 nm isometric particles which accumulate in
inclusion bodies, in the cytoplasm of infected cells
[28]. Based upon this information CVMV was listed
as a putative pararetrovirus and a candidate member of
the caulimovirus subgroup [23]. Recently the molecu-
lar characterization of the CVMV genome reported by
Calvertet al. [10] showed an atypical genomic organiz-
ation distinct from other characterized plant pararetro-
viruses [12]. The CVMV genome is 8158 nucleotides
long and is organized in five open reading frames. Con-
sensus sequences for coat protein, movement protein
and replicase have been identified and support the clas-
sification of CVMV as a plant pararetrovirus. However,
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the putative coat protein domain is located upstream of
the putative movement protein sequence in the same
OREF, suggesting that they are transcribed as a polypro-
tein. This particular organization is unusual for both
caulimoviruses and badnaviruses [32], the two pararet-
rovirus subgroups.

Several transcriptional promoters which are cap-
able of causing high levels of gene expression in trans-
genic plants have been isolated from pararetrovirus
genomes [8, 34, 37, 46]. During virus infection, these
promoters direct the synthesis of genome-length RNAs
which serve as templates for the reverse-transcriptase
and as messenger RNAs for synthesis of viral pro-
teins. The 35S promoter from the cauliflower mosaic
virus (CaMV) has been widely used in chimeric gene
constructs and is well characterized [4, 15, 37, 39].
Synergistic and additive interactions amongst the dif-
ferent cis elements upstream of the TATA box combine
to confer a constitutive pattern of expression [3, 6, 7].
The 34S promoter from another caulimovirus, the fig-
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wort mosaic virus (FMV), is also constitutively active
in transgenic plants and has been reported to be func-
tionally analogous to the 35S promoter [46]. Promoters
isolated from badnaviruses, unlike caulimovirus pro-
moters, seem to be primilary active in vascular tissues.
Indeed, it has been reported that the rice tungro bacilli-
form virus (RTBV) and Commelina yellow mottle vir-
us (CoYMYV) promoters direct phloem-specific gene
expression in transgenic plants [8, 34, 51].

The present study was undertaken to identify the
promoter region of the cassava vein mosaic virus and
to determiine its ability to promote gene expression in
transgenic plants. Furthermore, we wanted to analyze
the properties of the promoter of this atypical caul-
imovirus in comparison with those of others promoters
isolated from plant pararetroviruses. In this report we
déscribe the isolation of two CVMV promoter frag-
ments and provide evidence of promoter activity using
uidA gene fusion constructs. The strength of these
promoters was evaluated in electroporated protoplasts
of cassava and tobacco cell suspension cultures and
the pattern of expression was characterized in stably
transformed rice and tobacco plants. Evidence of pro-
moter activity in cassava plants was provided by micro-
bombardment of in vitro plantlets.

Materials and methods

Isolation of promoter fragments and plasmid
constructions

Molecular techniques were carried out essentially as
described by Sambrook et al. [44]. Nucleotide num-
bers refer to the cassava vein mosaic virus gen-
ome nuclectide sequence reported by Calvert et al.
[10] as concurrently determined in this laboratory
(unpublished). The original CVMYV full length gen-
omic clone was provided by Dr R.J. Shepherd (Uni-
versity of Kentucky). The clone was constructed by
ligating the viral DNA cut at a unique Bglll site to
the Bglll site of the plasmid pCKIZ [1]. Restriction
fragments derived directly from the genomic clone
were cloned into pUC119 plasmid. Using these sub-
clones, two viral DNA fragments containing a con-
sensus TATA box motif were isolated (Fig. 1). A frag-
ment designated CVP1 encompassed CVMV nucle-
otides 7235 to 7623 and was obtained by Alul enzymat-
ic digestion. A larger fragment containing CVMV
nucleotides 7160 to 7675 and designated CVP2, was
isolated by PCR amplification. The two oligonuc-

CVMV GENOME (8158)
Tsp
7160 7235 I’%zs 7675 8158
— TATA =i} ATG tRNAMeEt — -
Alul Alut
VP1 Fragment 388nt —1
Kp‘ 1 Ecc!fnl

| cvpP2 Fragment 511nt

Vector pGN100

fatg  widh  |Nos s|-|—

Kpn!, Smal Hindill

Figure 1. Construction of uidA fusion genes. Positions of the pro-
moter fragments are numbered in the CVMV genomic DNA. The
CVP1 fragment was isolated using Alul restriction sites while the
CVP2 fragment, which included an additional 75 nucleotides at the
5 end and 52 nucleotides at the 3 end, was obtained by PCR amp-
lification using appropriate primers (see Materials and methods for
details). The 3’ end of CVP2 is just upstream of the first ATG codon
in the viral genome. The transcription start site and the position of
the consensus tRNA binding site are also indicated. This chart is not
drawn to scale. (Tsp, transcription start site)

leotides used in the PCR reaction were: primer 1, 5'-
ACCGGTACCAGAAGGTAATTATCCAAGATGT-3'
(CYMV sequence from 7160 to 7183 with the addition
of a Kpnl restriction site at the 5 end) and primer 2, 5'-
CGGAATTCAAACTTACAAATTTCTCTGAAG - 3/
(CVMYV sequence complementary to nucleotides 7675
to 7652 with the addition of an EcoRI restriction site
at the 5' end). The amplification reaction contained
25 pmol of each primer, 200 M each dNTP, 100 ng
of plasmid DNA containing the sequence to be amp-
lified, 2.5 U Pfu polymerase and the appropriate buf-
fer (Stratagene). Initial denaturation was performed at
94 °C for 5 min then the reaction mixture was dena-
tured at 94 °C for 1 min, annealed at 60 °C for 1 min
and elongated at 72 °C for 1 min for each of 15 cycles.
Final extension was carried out for 5 min at 72 °C.
Sequence accuracy of the amplification product was
subsequently confirmed by dideoxynucleotide chain-
termination sequencing (Sequenase - USB).

Plasmid pILTAB:CVP1 (Fig. 1) was construc-
ted by ligating the Alul CVP1 fragment into Smal
site of pGN100, a pUC 119 derived plasmid con-
taining the uidA-coding sequence linked to the 3
polyadenylation signal of the nopaline synthase gene
(nos 3'). The CVP2 fragment obtained from the
PCR reaction was digested by Kpnl/EcoRI and sub-
sequently blunted at the EcoRI 3’ end using DNA
polymerase I large (Klenow) fragment. The result-
ing fragment was cloned in Kpnl/Smal of pGN100
to obtain pILTAB:CVP2 plasmid (Fig. 1). The cas-

-

-




—

]f

W

settes containing the CVMV promoter:uidA fusion
genes were excised by Kpnl/HindIIl digestion from
pPILTAB:CVP1 and pILTAB:CVP2 and subcloned
at Kpnl/HindIll sites in the pBIN19 binary vector
(Clontech) used for Agrobacterium-mediated plant
transformation. The plasmid pe35GN contains the
enhanced 35S promoter [26] and the uidA coding
sequence linked to the nos 3’ end. The plasmid pDO432
contains the luciferase coding sequence from Photinus
pyralis under the control of the 35S promoter [40].
Plasmids pILTAB:CVP1, pILTAB:CVP1 and pe35GN
used in transient assay experiments are each ca. 5.5 kb
in size.

Plant transformation

Gene constructs containing pBIN19 plasmids were
introduced into Agrobacterium tumefaciens strain
LBA4404 by electroporation [47]. The transformed
Agrobacterium were used to infect Nicotiana tabacum
cv. Xanthi NN leaf discs, according to the procedure
described by Horsch et al. [22]. Regenerated kanamy-
cin resistant plants were transferred to soil and grown
in a greenhouse. Seven independent transgenic lines
containing the CVP1 construct and eight containing
the CVP2 construct were produced. Greenhouse grown
plants were allowed to self-fertilize and R1 seeds were
collected. The R1 seeds were germinated on Murashige
and Skoog (MS) medium [36] containing kanamycin
100 mg/] and the seedlings were grown in greenhouse.

Seven transgenic rice lines (Oryza sativa L. Taipei
309) were obtained via particle bombardment as
described by Li et al. [31], using pILTAB:CVP2 in
association with pMON410 (Monsanto Co.); the latter
carries the gene for resistance to hygromycin.

Histochemical localization of 8-glucuronidase
activity

Histochemical analysis of GUS activity was performed
essentially as described by Jefferson et al. [24]. Small
fragments of leaf and stem from primary transformants
or R1 progeny were incubated at 37 °C for 4 to 8 hs in
reaction buffer containing 1 mM 5-bromo-4-chloro-3-
indoly! glucuronide (X-gluc), 100 mM sodium phos-

phate buffer pH 7, 2 mM potassium ferrocyanide and.

potassium ferricyanide, and 0.1% Triton X-100. Roots
and floral organs were incubated in the same medium
lacking the cyanide salts and including 0.1% mercapto-
ethanol to reduce tissue browning. Hand-cut tissue sec-
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tions were taken and cleared in 70% ethanol. Stained
sections were visualized in a Zeiss microscope.

RNA preparation and primer extension analysis

Total RNA was extracted from young leaves of trans-
genic tobacco plants as described by Prescott and Mar-
tin [41], with minor modifications. An additional phen-
ol/chloroform extraction was performed, followed by
three successive LiCl precipitations.

Primer extension was performed with a 34 bp long
oligonucleotide with the sequence 5'-CGCGATCCAG
ACTGAATGCCCACAGGCCGTCGAG-3' which is
complementary to a region 34 nucleotides downstream
of the ATG start codon in the uidA gene. The oligonuc-
leotide (20 pmol) was 5’ end-labeled using 6 U of T4
polynucleotide kinase (USB) and 7 uCi of [y*2P]ATP
(3000 pCi/mmol, 10 uCi/ul). After the labeling reac-
tion, the primer was purified using Nuctrap Push
columns (Stratagene). One-tenth pmol of the labeled
primer was mixed with 50 g of total RNA from trans-
genic plants. The experiment was performed according
to Sambrook et al. [44] except that annealing was car-
ried out at 30 °C or 40 °C for 12 h, and the extension
reaction was allowed to proceed for 1 h at 42 °C with
20 U of AMYV reverse transcriptase (Gibco-BRL). The
extension products were separated on a 7.5% polyac-
rylamide gel containing 7 M urea. Sequence reactions
(Sequenase-USB) performed with the same labeled
primer were subjected to electrophoresis in adjacent
lanes on the same gel.

Protoplast isolation, treatment and culture

Tobacco protoplasts were isolated from BY-2 (Nico-
tiana tabacum L, cv. Bright Yellow) cell suspen-
sion cultures and transfected with DNA essentially
as described by Kikkawa et al. [27]. Cassava pro-
toplasts were prepared from Manihot esculenta L. cv.
TMS60444 embryogenic cell suspension cultures [48].
Fifty ml of a 10-day-old culture were collected.for
protoplast isolation. Prior to enzymatic digestion, the
cells were resuspended in 30 ml of medium containing
0.55 M mannitol, 3.2 g/l Schenk and Hilderbrandt salts
(Sigma), 1x Murashige and Skoog vitamins (Sigma),
20 mM CaCl,, pH 5.8 (medium A). The cells were
allowed to settle and medium A was replaced by an
enzymatic solution consisting of medium A supple-
mented by 2% cellulase Onozuka RS and 0.1% Pecto-
lyase Y 23. Digestion was performed in the dark for
3.5hat27°C. Cells were gently agitated during the first
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hour of treatment. The incubation mixture was filtered
sequentially through sieves of 100 um and 70 .
Protoplasts were washed three times by centrifugation
at 100 x g for 10 min in medium A. The number of
protoplasts was estimated using a hemocytometer.

The purified protoplasts were resuspended to final
density of 108 cells/ml in electroporation buffer con-
taining § mM MES, 130 mM NaCl, 10 mM CaCls,,
0.45 M mannitol pH 5.8. Two hundred pl of electro-
poration buffer containing 30 pg of each plasmid was
added to 800 ul of protoplast suspension in a 0.4 cm
path-length cuvette. DNA uptake was carried out using
a Gene Pulser instrument (BioRad) delivering a 300 V
pulse at a capacitance of 500 uF. After electroporation,
the protoplasts were incubated in ice for 30 min, after
which they were resuspended at a density of 10° cell/ml
in culture medium A supplemented with 20% sucrose
and 5 x 107> M Pichloran. After 24 h of incubation
in the dark at 27 °C, the protoplasts were collected by
centrifugation (10 min at 100 X g) and resuspended in
GUS extraction buffer [24], pH 7.7.

LUC and MUG assays

Transfected protoplasts were lysed by vortexing for
2 min in GUS extraction buffer, pH 7.7. Extracts
were clarified by centrifugation (5000 x g, 5 min)
at 4 °C’in a microcentrifuge. The supernatant was
recovered and used for MUG and LUC assays. GUS
activity was determined using 4-methyl-umbelliferyl-
B-D-glucuronide MUG-Sigma) by the method of Jef-
ferson [24] and quantified for 50 pl of extract as
pmol methylumbelliferone (MU) per hour. LUC activ-
ity. was determined on 50 ul of the same protein
extract with a luminometer (Monolight 2010) using
a luciferase assay (Analytical Luminescence Labor-
atory, San Diego, CA). Cotransfection of cells with
a uidA gene plus a luciferase plasmid allowed us to
normalize variations of GUS activity between experi-
ments [30]. The normalized GUS data were expressed
as pmol methylumbelliferone (MU) perthour per unit
of light emitted.

Transgenic plant tissues were ground in GUS buf-
fer, pH 8, and GUS activity was evaluated as described
[24]. The enzyme activity (pmol/min) was referred to
mg protein as determined by the dye -binding method
of Bradford [9].

Particle bombardment

Leaves and stems were cut from cassava plantlets (cul-
tivar Meol 1505) grown in vitro on medium containing
MS salts and vitamins, sucrose 20 g/l, CuSO4 2 uM,
Phytagel 3 g/l, pH 5.7. The explants were sectioned
and the tissue fragments were subsequently arranged
in the center of 9 cm Petri dishes containing solidified
culture medium. Micro-bombardment was performed
with an helium-driven particle delivery system (PDS
1000/He-BioRad). Preparation of gold particles (aver-
age diameter 1.6 um) and coating particles with DNA
were carried out essentially as described by the instruc-
tion manual (BioRad). The target plates were placed
in the gun chamber at the third level from the bottom
while the assembly macrocarrier/stopping screen was
placed at the fifth level. Each plate was shot twice at a
pressure of 1100 PSI with ca. 1 ug of plasmid DNA.
After bombardment, sterile water was added. to the
plates to prevent desiccation of the material. Explants
were incubated 2 days in the dark at 25 °C prior to
histochemical GUS assays.

Results
Isolation of the CVMV promoter

A genomic clone of cassava vein mosaic virus (CVMYV)
was kindly provided by Dr R. J. Shepherd (University
of Kentucky) for these studies. Sequence analysis of
the CVMV clone allowed us to identify in the vir-
al genome, an AT rich region similar to that of the
plant pararetroviruses TATA box regions (Fig. 2A).
The putative TATA box region is located 588 nucle-
otides upstream of another consensus sequence that
is complementary to the 3’ end of a plant tRNA!;
this sequence is present in all plant pararetroviruses

.and serves as a primer binding site to initiate the viral

replication process [21]. The location of the putative
TATA box sequence in CVMV is similar to the pro-
moters that control the transcription of the genome
length transcripts in CaMV [18], FMV [43] and RTBV
[20, 42].

This information allowed us to predict the loca-
tion of a putative promoter in the CVMV genome.
Two DNA fragments were subsequently isolated and
tested for promoter expression: CVP1 comprising 387
nucleotides from position —368 to +20 (41 corres-
ponds to the transcription start site reported in this
paper), and CVP2, a fragment of 514 nucleotides
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TTCGG---CATTTG|ITGAAAACA
TTCATTTC-ATTTG|-GAGAGGA
TTCATTCCCATTTG|I-AAGGATC
TGTGTIAGTAGICTTA-GAAAA-C
ACCAGAGTAGTGTA-ATAGATC

Al cvmv [racaTarccealaccanc
CaMV |TATATAAGGAlAG----
FMV TATATAAGAA|GGGGCA
CoyMV |TATTTAAGCAICT - - - -
RTBY |TATATAAGGAGC--~-~

B: cvmv AGACG|TAAGCAC|T
caMv TGACG|TAAGGGA|T
FMV TGACGAACGCAG|T
CoyMV |TeAaATG|laTGeTCACT|T

Figure 2. Conserved nucleotide motifs in plant pararetrovirus promoters. A, Comparison of nucleotide sequences from the TATA box to the
transcription start site of promoters from plant pararetroviruses [2, 19, 33, 45]. Regions of high homology are framed. Tsp indicates the
transcription start point of these promoters. B. Sequence alignment of different as1 like elements found in the CaMV, FMV, CoYMV and
CVMV promoter. CaMV and FMV have been characterized as caulimoviruses [18, 43] whereas CoYMV and RTBV are badnaviruses [33, 42].

from position —443 to +72 (Fig. 1). Both fragments
were cloned into a plasmid that contains the uidA-
coding sequence for analysis of promoter activity. The
nucleotide sequences of the promoter fragments are
presented in Fig. 3 and were confirmed by the results
reported by Calvert er al. [10]. A comparison with
other pararetrovirus promoter sequences, namely the
35S CaMV[18], the 34S FMV [43], RTBV [42], and
CoYMYV [33] promoters revealed the presence of a
conserved TATA box as mentioned previously, and a
17 nucleotide motif AGACGTAAGCACTGACG (pos-
ition —203 to —219) that has strong homology with the
transcriptional enhancer asl found in the 35S CaMV,
FMYV, and CoYMYV promoters (Fig. 2B). We also iden-
tified a 22 nucleotide sequence CTTATCACAAAG-
GAATCTTATC (position —90 to —111) that is present
in the CoYMV promoter but not in RIBV or caul-
imovirus promoters. This limited homology suggested
that we had isolated a distinct plant pararetrovirus pro-
moter.

Determination of the transcription start site
“ e
The transcription start site of the CVMYV proimoter was
determined by primer extension analysis using total
RNA recovered from transgenic tobacco plants which
harbored the CVP1: uid A fusion gene (Fig. 1). A single
major extension product was detected and mapped to
an adenine residue (nt 7604) located 35 nucleotides
downstream of the putative TATA box (Fig. 4). By
comparison with the location of the start of transcrip-
tion reported for other plant pararetrovirus promoters
[2, 19, 33, 45] (Fig. 2A), the transcription start site
reported here likely represents the 5’ end of the CVMV
transcript. By comparing sequence of the CVMV pro-
moter from the TATA box to the start of transcrip-

%;m CCAGAAGGTA ATTATCCAAG ATGTAGCATC AAGAATCCAA '
pnl o
TGTTTACGGG AAMAACTATG GAAGTATTAT GTGAGCTICAG '
-350 Alul
CAAGAAGCAG ATCAATATGC GGCACATATG CAACCTATGT
~300
TCAAAAATGA AGAATGTACA GATACRAGAT CCTATACTGC
-250
CAGAATACGA AGAAGAATAC GTAGARATTG ARAABGAAGA
MNFI ,
ACCAGGCGAA GABAAGAATC TTGERGACGT ABAGCACTGACG
-20
ACAACAATG AAAAGRAGAA GATAAGGTCG S1 GTGATTGIGA
-150 0X eSV40
AAGAGACATA GAGGACACAT GTAAGGTGGA AAATGTAAGG
-100  eSV40 :
GCGGAAAGTA AcETTATCAC AAAGGAATCT TaTdccccacT
"CoYMV like” - -s0 ’
ACTTATCCT TTTATATTTT TCCGTGTCAT TTT J‘.L:LLL.i T :
eagrrTredT __ ATATANGGAA CCARGTTCGG CATTTGTGAA |
+'1 TATA box !
AACAAGAARA AATTTGGTGT A AGCTATTTT CTTTGAAGTA *
Alul \ +7|2 .
CTGAGGATAC AAGTTCAGAG AAATTTGTAA GTTTGAATTC |
EcoRL i

Figure 3. Nucleotide sequence of CVP1 and CVP2 promoter frag-
ments. The transcription start site is designated - 1. Consensus TATA
box, as 1-like sequence [29] and the region homologous with the
CoYMV promoter [35] are boxed. Alul sites ({})indicate the 5’ and
3’ ends of the CVP1 promoter. Sequence motifs similar to previously
characterized cis elements in plant promoters are underlined (motifs
with similarities with the box I element [13] of the rbcS promoter,
MNF1-binding site [50], SV40 core enhancer [38] are indicated).

tion with those of caulimovirus promoters FMV 34S
and CaMV 35S, we concluded that these three pro-
moters are, in this region, closely related to each other
(Fig. 2A). In contrast there is less homology with the
promoters from badnaviruses (CoYMYV and RTBV).

Expression of the CVMV promoter in protoplasts
Promoter fragments CVP1 and CVP2 were tested in

transient assay experiments using tobacco and cassava
protoplasts obtained from cell suspension cultures. We
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Figure 4. Determination of the transcription start site of the CVMV
promoter. Primer extension reactions were carried out as described
in Materials and methods. The products of the extension reactions,
obtained with two annealing temperatures (30 °C and 40 °C) and
reference sequencing reactions of CVP1-uidA gene construct (lanes
A, C, G and T) performed with the same labeled primer, were subjec-
ted to electrophoresis in a 7 M urea, 7.5% polyacrylamide gel. The
plus strand DNA sequence (complementary to the sequence read on
the gel) is shown and the transcription start site (A*) is indicated by
an arrow. Numbers correspond to the nucleotide sequence numbers
of the CVMYV genome [10].

used in this experiment, the plasmids pILTAB:CVP1
and pILTAB:CVP2. The plasmid pe35GN, containing
the uidA sequence under the control of the enhanced
35S promoter (€35S) [26], served as a positive control.
Each plasmid was cointroduced into protoplasts with a
plasmid containing a luciferase gene under the control
of the CaMV 358 promoter [40]. The GUS/LUC ratio
was determined after each transfection experiment.
Four independent transfectiornv experiments, summar-
ized in Fig. 5, were carried out and gave similar res-
ults. In tobacco protoplasts the GUS/LUC ratio for
the CVPI promoter was 0.58, or about 50% of the
level of expression determined by the 35S promoter
(1.32). However, when the CVP2 fragment was used,
the ratio was 1.3, or two-fold more active than CVPI.
The difference between the two fragments indicated
that CVP1 lacks one or more important element(s) for
high level expression. CVP2 and e35S promoters yiel-
ded similar GUS. activity indicating that the CVMV
promoter is a strong promoter in tobacco protoplasts.
Similar studies in-cassava protoplasts gave results com-
parable to those in.tobacco showing that the CVMV
promoteris also very effective in these cells.

B3 Tobacco Cassava

: g
(2 I VI

exnalevesfreaedunan]rey

amde

-l

e
o o

pmol MU/hour/light unit

PGN100 pILTAB- pILTAB- pe35GN i
CVP1 cvpP2 !

Figure 5. Expression of the CVMYV promoters in tobacco and cas-
sava protoplasts. Chimeric #idA gene constructs were co-introduced
with a plasmid to express luciferase [40] into protoplasts of cassava
and tobacco via electroporation. Promoter activity is expressed as
a ratio between GUS activity and LUC activity of the same protein
extract. As a consequence, GUS activity is measured as pmol 4-
methylumbelliferyl-3-D- glucuronide (MUG) per hour per unit of
light emitted. Bars represent the average of four indepéndent exper-
iments = standard errors. Bach experiment was carried out with a
different protoplast preparation. pe35GN is a construct where the
enhanced 35S promoter [26] controls the transcription of the uidA
gene. pGN10O0 contains a promoter-less 1idA gene.

Expression of the CVMV promoter in transgenic
tobacco and rice plants

Seven transformed tobacco lines containing CVP1
promoter-uidA fusion gene and eight containing CVP2
promoter were obtained as described in Materials and
methods. Presence of the full length gene cassette
was confirmed by PCR analysis (data not shown) of
primary transformants (plants regenerated from trans-
genic calli). A detailed histochemical analysis of GUS
accumulation was carried out using hand-cut fresh tis-
sue sections of various organs from primary, trans-
formed plants and their R1 progeny. All transformed
tobacco plants containing either the CVP1 or CVP2
fragment had essentially the same gene expression pat-
tern while intensity of staining varied among trans-
formants. In leaves, strong GUS activity was observed
in phloem tissues in the midrib and in the lateral sec-
ondary veins (Fig. 6A, B). Parenchyma cells adjacent
to xylary elements also developed a blue staining pat-
tern while the parenchyma cells of the midrib did not
contain detectable GUS activity (Fig. 6A, B) except
for the chlorenchyma cells just below the epiderm-
is (Fig. 6C). The cells of the palisade layer and the
spongy mesophyll in the leaf lamina exhibited a very
intense staining (Fig. 6A, C), while in the epidermis,
guard cells and trichomes, especially the glandular tip
cell, developed an intense staining. Non-specialized




epidermal cells accumulated little or no stain. Cross
sections of stems showed strong staining of the phloem
cells, including internal phloem bundles located in the
central pith tissue and phloem cells located external
to the xylem (Fig. 6D). Weaker expression was also
visible in the xylem parenchyma cells. GUS staining
was not detectable in pith cells or in cortical paren-
chyma cells of the stem (Fig, 6D). Root tissues incub-
ated with X-Gluc revealed a blue stained vascular.cyl-
inder (Fig. 6E); cross-sections were not taken due to
the fragile nature of the tissue. The root tips stained
the most intensely of any region in the root (Fig. 6E).
In the flowers, the basal part of the ovary exhibited an
intense blue staining. The vascular elements of floral
tissue displayed a strong staining in the stamen, the
style and the placenta inside the ovary (Fig. 6F), as
well as in the sepals and petals. Pollen also exhibited
a blue color (not shown). R1 seedlings developed the
same general pattern of staining as did the R0 parental
transformant except that GUS activity in the mesophyll
of cotyledons appear weaker than in mature leaves.
Histochemical analysis to detect GUS activity was
performed in a similar manner on 7 independently
transformed rice lines that harbored the CVP2: uidA
gene. The general expression pattern of the CVP2
promoter-uidA gene was quite similar in rice and
tobacco, despite the differences in anatomy of these
plants, Transverse sections of leaves incubated with
X-Gluc substrate resulted in strong staining in the vas-
cular bundles and in the mesophyll cells (Fig. 6G).
The small phloem parenchyma cells and the xylem

‘parenchyma cells exhibited an intense staining while

the metaxylem tracheary elements and the larger sieve
elements appeared to be free of any blue precipitate.
Bundle sheath cells, bulliform cells and sclerenchyma
fibers also showed no staining. Guard cells and leaf hair
cells were stained in the leaf epidermis. The pattern
of GUS activity revealed in cross-sections of the leaf
sheath tissue (Fig. 6H) was similar with that observed
in leaves. As observed in tobacco plants, GUS activ-
ity was not detectable in parenchyma cells (Fig. 6H).
Roots were stained only in the vascular cylinder and
in the tip. Rice floral tissue had essentially the same
pattern of GUS activity as the tobacco flowers (Fig. 6I).

GUS activity in extracts prepared from differ-
ent organs was determined among tobacco and rice
transformed plants using the 4-methylumbelliferyl-3-
D-glucuronide (MUG) fluorescence assay [24]. The
organs tested included young leaves, mature leaves,
stem and root (Fig. 7). This experiment showed that
the CVMV promoter (CVP1 and CVP2 constructs) is
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expressed in all organs of transformed rice and tobacco.
These results supported the GUS histochemical analys-
is of transgenic plant presented previously, and con-
firmed the constitutive property of the cassava vein
mosaic virus promoter. We observed that the CVMV
promoter was more active in leaves than in others
organs while the lowestlevel of expression was in roots.
The GUS expression levels, measured for the rice leaf
sheath, were very close to those measured in leaves.
This could be due to the presence of photosynthetic
mesophyll tissue at the periphery of rice leaf sheath
(see Fig. 6H for anatomic detail). In tobacco, GUS
expression in the plants harboring the CVP2 promoter
construct appeared slightly stronger than in plants con-
taining the CVP1 promoter. However, this result has
to be confirmed by more extended analysis, due to the
relative low number of lines tested and to the variation
observed in the transgene expression between lines.
The latter could be due to a putative position effect
or/and to the different copy number of the inserted
gene.

Activity of the CVMV promoter in cassava plant
explants

The promoter activity of the CVP2 fragment (Fig. 1)
was tested in cassava plants by micro-particle bom-
bardment on stem and leaf explants from material
grown in vitro. The plasmid pILTAB:CVP2 and plas-
mid pe35GN (as positive control) were used in this
study. Approximately the same number of intensely
blue-stained foci showing GUS expression (Fig. 6J)
were found using plasmids containing either promoter.
Blue-stained cells were found in epidermal cells, guard
cells, mesophyl cells and along the veins of leaf-
lets. These experiments provided evidence of promoter
activity for CVP2 fragments in different cell types of
cassava.

Discussion

. We have isolated a promoter from the viral genome

of the newly characterized cassava vein mosaic vir-
us [10]. The transcription start site of the promoter

* was determined using RNA isolated from transgenic

plants that contain the pPCVMV-uidA gene. Our results
indicate that the CVMYV promoter is strong in tobacco
and cassava protoplasts and its activity is similar to
that obtained with the 35S promoter. Of the two pro-
moter fragments tested in protoplasts, the shorter frag-
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Figure 6. Histochemical localization of GUS expression in transgenic tobacco and rice plants containing CVMV promoter-uidA gene fusion,

GUS activity 15 indicated in the transgenic tissues by an indigo dye precipitate after stamning with X-Glue. Pictures presented are from CVP2ind A
transgenic plants. A, Tobacco leaf section. B. Detail of tobacco leal section showing vascular tissues of the midrib (< 10), C, Transverse section
through tobacco leal lamina (< 30). D. Vascular tissues in tobacco stem cross-section (% 30). E. Tobacco roots (= 10). F Transverse section
through tobacco ovary (= 10); G, Rice leal cross-section (x50), H. Cross-section of a rice leaf sheath (500 1. Rice Rower split axially and
subsequently stained for GUS activity (> 101, 1. GUS transient expression on cassava stem from o vitro plantlet (x5), bs. bundle sheath:
ey, chlorenchyma: ep, external phloem; ip, internal phloem; m. mesophyll: mx, metaxylem; ov, ovule; p, phloem: ph, pith; pl, placenta: pm.
palisade mesophyll; pp. phloem parenchyma: py. parenchyma: rt, root tip; sc. sclerenchyma: sm. spongy mesophyll; x. xylem: xp. xylem
parenchyma.
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Figure 7. Distribution of GUS activity in different tissues among tobacco (A) and rice (B) transgenic lines. Specific GUS activity is given as
picomoles of 4 methylumbelliferone per milligram of protein per minute. Transgenic tobacco lines containing either CVP1 (solid dots) or CVP2
(open dots): 1idA fusion gene were tested for GUS activity in young leaves (Y / 3 to 5 cim in length), mature leaves (M / 10 cm and up in length),
stems (S), and roots (R). Transgenic rice lines tested contained only the CVP2 construct. Samples for protein extraction were taken from mature
(5 to 7 weeks old) R1 transgenic tobacco plants grown in a greenhouse. Rice plants used in this study were R0 transformants (2 months old)
grown in a greenhouse. In rice, ST refers to leaf sheath explants. Distribution of GUS activity was plotted and is shown for tobacco (panel A)
and rice (panel B) plants. Each dot represents a single independent transgenic line. Number of lines tested is mentioned on the figure. Mean
level of GUS activity in the different organs and for each construct is indicated by a solid arrow. Logarithmic scale was used to accommodate

large variation between lines.

ment CVP1 is approximately two-fold less active than
the longer CVP2 fragment. However, both fragments
result in the same pattern of expression in transgenic
tobacco and plants. Differences in the level of expres-
sion observed in protoplasts could be due to a transcrip-
tional enhancer in the 5’ region of the larger fragment
or to the larger untranslated leader sequence. The lat-
ter could be important for greater message stability or
translation efficiency. The first 60 nucleotides of the
CaMV leader (from +1 to the first ATG) stimulate
expression of a downstream gene by about 2-fold [14,
17]. Similar effect has been reported for the untrans-
lated leader of the rice tungro bacilliform virus pro-
moter [11]. However there is limited sequence homo-
logy between the CYMYV leader and those of the CaMV
or RTBV leaders. Analysis of transgenic plants indic-
ate that the CVMYV promoter, as is the case with other
caulimovirus promoters, is active in all organs, in vari-
ous cell types and is not dependent on viral trans-acting
factors. The CVMV promoter is strongly expressed in
vascular tissues, in leaf mesophyll cells, and in the
root tips of rice and tobacco plants. However, GUS
activity was non detectable in non-chlorophyllaceous
cells of tobacco pith and cortical parenchyma. This

could indicate that the CVMYV promoter has two major
domains of activity, i.e., the vascular elements and the
green, chloroplast-containing cells. Analysis of CaMV
35S-uidA gene expression in transgenic tobacco and
rice plants (not shown) confirmed previous reports [3,
24,49] and also showed more staining in chlorophylla-
ceous cells than in cortical parenchyma cells. However,
we cannot exclude the possibility that these observa-
tions are due to the limitations of the staining assay.
Large cells with little cytoplasm (such as parenchyma
cells) may appear to contain little or no stain compared
with smaller cells with dense cytoplasm. Likewise,
cells with different metabolic activities may stain with
different intensities.

This study has shown that expression of the CVMV
promoter in protoplasts and transgenic plants is relat-
ively similar to that of the 35S promoter. However,
the nucleotide sequence of the CVMV promoter has

. limited homologies with other caulimovirus promoters

which may imply differences in the mechanisms of
regulation of the promoter. Analysis of the CVMV pro-
moter sequence shows the presence of several motifs
that resemble previously identified cis elements that
are implicated in transcriptional regulation. The pres-
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ence of such motifs in the CVMV promoter could
explain the pattern of expression in transgenic plants.
A 16 bp motif with strong homology with the activation
sequence 1 (asl) of the CaMV 35S promoter [29] was
identified in the CVMV promoter at nt —203 to —219.
This motif is also found in the FMV promoter [46].
A less conserved motif has also been identified in the
CoYMV badnavirus promoter [34]. The as1 element,

" characterized by TGACG direct repeats, binds to the
AS1 nuclear factor [16] as well as the cloned TGA1
transcription factor [25]. This motif, in the CaMV 35S
promoter, is able to confer expression principally in
root tissues [4], but it also plays a more complex role
in the regulation of the promoter by interacting syn-
ergisticaly with other cis-elements [15, 29]. However,
in the CVMYV promoter, this as] motif is located at
position —203 to —219 while in the caulimovirus pro-
moters, it is generally closer to the TATA box (—83 to
—63 in the 35S CaMV promoter; —57 to —73 in the
FMYV promoter).

At position —90 to —111 we identified a 22
nucleotide sequence CTTATCACAAAGGAATCTTA
TC that is present at the same relative position (—78
to —100) in the CoYMV promoter but not in oth-
er plant pararetrovirus promoters. This motif is loc-
ated in the CoYMV promoter in a region required for
expression in vascular tissues [35]. The CVMYV pro-
moter also includes the motif AAGATAAGG (—186to
—194) which contains the boxI consensus GATAAG
that is present in rbcS gene promoters [13]. In addi-
tion, the sequence GTAGAAA, identified at position
—257 —263, is identical to the binding site sequence
for the MNF1 leaf-specific nuclear factor, found in
the PEPc gene promoter as well as in the 35S promoter
[50]. These motifs could be involved in the strong gene
expression of the CVMYV promoters in mesophyl cells.
Nucleotides —170 to —130 (Fig. 2) contain two motifs
that are similar to the SV 40 enhancer core sequence
GTGGAAAG [38]. The relative importance and the
biological role of all these motifs in this promoter are
being evaluated. ‘
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