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Abstract

A sub-genomic transcript (Sgt) promoter was isolated from the Figwort mosaic virus (FMV) genomic clone. The
FMV Sgt promoter was linked to heterologous coding sequences to form a chimeric gene construct. The 5°-3’-
boundaries required for maximal activity and involvement of cis-sequences for optimal expression in plants were
defined by 5-, 3’-end deletion and internal deletion analysis of FMV Sgt promoter fragments coupled with a f-
glucuronidase reporter gene in both transient protoplast expression experiments and in transgenic plants. A 301 bp
FMV Sgt promoter fragment (sequence —270 to +31 from the transcription start site; TSS) provided maximum
promoter activity. The TSS of the FMV Sgt promoter was determined by primer extension analysis using total RNA
from transgenic plants developed for FMV Sgt promoter: uid A fusion gene. An activator domain located upstream of
the TATA box at —70 to —100 from TSS is absolutely required for promoter activity and its function is critically
position-dependent with respect to TATA box. Two sequence motifs AGATTTTAAT (coordinates —100 to —91) and
GTAAGCGC (coordinates —80 to —73) were found to be essential for promoter activity. The FMV Sgt promoter is
less active in monocot cells; FMV Sgt promoter expression level was about 27.5-fold higher in tobacco cells compared
to that in maize cells. Comparative expression analysis of FMV Sgt promoter with cauliflower mosaic virus (CaMV) 35S
promoter showed that the FMV Sgt promoter is about 2-fold stronger than the CaMV 35S promoter. The FMV Sgt
promoter is a constitutive promoter; expression level in seedlings was in the order: root > leaf > stem.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Figwort mosaic virus (FMV), a species of
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of approximately 8 kb with 7 open reading frames
(ORFs) (Richins et al., 1987). The genome orga-
nization of FMV is similar to that of Cauliflower
mosaic virus (CaMYV), the type species of the genus
Caulimovirus (Franck et al., 1980; Gardner et al.,
1981).

In general, two major transcriptional promoters
are present in the Caulimovirus genome. One to
transcribe whole genome of the virus (a full-length
transcript equivalent to CaMV 35S transcript) is
located in the 3’ terminus of ORF VI and
extending into the large intergenic region. A
second promoter that is situated at the 3’ terminus
of ORF V and extending into the small intergenic
region between ORF V and VI, transcribes only
the ORF VI, (a sub-genomic transcript equivalent
to CaMV 198 transcript; Odell et al., 1981).

The role of cis- and cognate trans-acting factors
and their interactions in promoter function have
been studied extensively in mammalian, (Birn-
baum et al., 2001; Laurencikiene et al., 2001)
Drosophila (Pham and Sauer, 2000) and yeast
(Pilpel et al., 2001) systems but such factors and
their interactions have been analyzed for only a
limited number of plant promoters because con-
sensus cis-sequences in plant promoters are often
not evaluated to that extent. A number of plant
transcriptional promoters have been isolated from
double stranded DNA viruses belonging two
subgroups of plant pararetrovirus genome (Cauli-
moviridae family), namely Caulimovirus (Odell et
al., 1985; Hasegawa et al., 1989; Sanger et al.,
1990; Verdaguer et al., 1996; Maiti et al., 1997;
Maiti and Shepherd, 1998; Dey and Maiti,
1999a.,b) and Badnavirus (Medberry et al., 1992;
Bhattacharyya-Pakrasi et al., 1993). The CaMV
35S promoter has been well characterized (Benfy
and Chua, 1989; Fang et al., 1989; Odell et al.,
1985; Ow et al., 1987; Benfy and Chua, 1990;
Benfy et al., 1990a,b; Lam, 1994). The CaMV 35S
promoter is a strong constitutive promoter, and it
has been used extensively for expressing foreign
genes in monocotyledonous and dicotyledonous
plants (Holtorf et al., 1995; Mitsuhara et al., 1996;
Wilmink et al., 1995). The 35S promoter from
CaMV is also active in microbes and Xenopus
oocytes (Assad and Signer, 1990; Probjecky et al.,
1990; Ballas et al., 1989).

Transcriptional activity of the CaMV 35S pro-
moter is the result of combinatorial and synergistic
interaction of different cis-elements present in the
promoter sequence and the trans-acting nuclear
binding factors (Benfy and Chua, 1990; Benfy et
al., 1990a,b; Fang et al., 1989), similar to other
promoters such as SV40 promoter in mammalian
systems (Schirm et al., 1987; Fromental et al.,
1988; Ondek et al., 1988). Two nuclear binding
protein factors, known as activating sequence
factor-1 and -2 (ASF-1 and ASF-2) from tobacco
have been well characterized. ASF-1 binds to the
activating sequence as—1 (—82 to —62) region of
the 35S promoter. Two TGACG motifs within the
site are essential for DNA—protein interaction
(Lam et al., 1989). The as—1 motif is also found
in other caulimovirus promoters like FLt promo-
ter of FMV (Maiti et al., 1997; Sanger et al., 1990),
the major transcript promoter of PCISV (Richins,
1993) and mirabilis mosaic virus (MMYV) (Dey and
Maiti, 1999a). The ASF-1 element seems to be
mainly responsible for root specific expression.

Promoters isolated from the Badnaviruses are
reported to be primarily active in vascular tissues
(Bhattacharyya-Pakrasi et al., 1993). Promoters
from the Rice tungro bacilliform virus (RTBV) and
Commelina yellow mottle virus (CoYMYV) direct
phloem specific gene expression in transgenic
plants (Bhattacharyya-Pakrasi et al., 1993; Med-
berry et al., 1992; Yin et al., 1997).

The CaMV 19S promoter is a weak promoter
compared to the 35S promoter (Lawton et al.,
1987), although the product of the gene VI is the
most abundant matrix protein in infected cells. We
documented in tobacco cells that sub-genomic
transcript (Sgt) promoters from the MMV (Dey
and Maiti, Transgenics, in press) and from the
FMV (Bhattacharyya et al., this report), in con-
trast to the CaMV 19S promoter, are strong
constitutive promoters, with strengths comparable
to or greater than that of the full-length transcript
promoters of caulimoviruses, including CaMV 35S
promoter.

In the present study, we report the identification
and characterization of the FMV Sgt promoter. A
5’-, and 3’-end promoter deletion analysis showed
that a 301 bp FMV Sgt promoter fragment
(sequence —270 to +31 from the transcription
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start site, TSS) is sufficient for maximum promoter
activity. Activator and enhancer sequences have
been revealed by fine deletion analysis of the
promoter sequence. Sequence motifs
GTAAGCGC (coordinates —80 to —73) and
AGATTTTAAT (coordinates —100 to —91)
were found to be very essential for promoter
activity. The strength of this promoter was eval-
uated in electroporated protoplasts derived from
cell suspension cultures of tobacco (Xanthi) and
maize (BMS), and also in transgenic tobacco
plants. The expression level in dicot tobacco cells
is about 27-fold higher compared to that in
monocot maize cells. It is a strong constitutive
promoter. Strength of the FMV Sgt promoter is
greater than that of the CaMV 35S promoter.

2. Materials and methods

2.1. Protoplasts, plants and enzymes

Isolation of protoplasts from the tobacco cell
suspension cultures (Xanthi ‘Brad’) and electro-
poration of tobacco protoplasts with supercoiled
DNA containing the promoter fragment fused
with a B-glucuronidase (GUS)-encoding gene
were done essentially as described earlier (Maiti
et al., 1998; Dey and Maiti, 1999a). The maize
Black Mexican Sweet suspension culture (BMS-
P2-S10) was obtained from Dr K. Scheets, Okla-
homa State University, Oklahoma, USA. Isolation
of protoplasts from the BMS cell suspension
culture and electroporation of protoplasts with
supercoiled DNA containing GUS constructs were
performed essentially as described by Forman et
al. (1987). Electroporation was performed by using
the Gene Pulser II apparatus (BioRad, CA) with
the Capacitance Extender I (Model 165-2107). An
aliquot of 750 pl containing 2 x 10° protoplasts in
an electroporation cuvette (0.4 cm electrode gap)
was electroporated (150 V used for charging 950
puF capacitance for 50-60 ms) with 10 pg of
supercoiled plasmid DNA containing the GUS
gene. After 20 h, protoplasts were harvested for
GUS assay. Relative expression levels were within
+10% for a given construct in this study. All

constructs were tested at least in 4 independent
experiments.

Tobacco plants (Nicotiana tabacum cv. Samsun
NN) were used for plant transformation. Restric-
tion enzymes, antibiotics, components of plant
tissue culture medium, RNA isolation kit were
purchased from commercial sources and used
according to the manufactures’ specifications.
Nytran membrane was obtained from Schleicher
& Schuell (Keene, NH).

2.2. Construction of vectors for transient expression
experiment in protoplasts

A series of FMV Sgt promoter fragments were
generated by PCR amplification to study the
influence of cis-sequences upstream and down-
stream of TATA box on promoter activity.
Defined FMV Sgt promoter sequences, of indi-
cated lengths (as in the Fig. 3A) were amplified by
PCR from the FMV genomic clone (Richins et al.,
1987) with appropriately designed primers to
introduce an EcoRI site at the 5-end and a
Hind1II site at the 3’-end of amplified products.
PCR amplification was carried out for 30 cycles
under the following standard conditions: dena-
turation (92 °C for 1 min), annealing (55 °C for 1
min), extension (68 °C for 2 min) using Platinum
high fidelity TagDNA polymerase from Gibco-
BRL, ML (BRL Cat. No. 11304-011). Each PCR
amplified fragment from 1 to 12 was restricted
with EcoRI and Hindlll; the restricted fragments
were gel-purified and cloned into the correspond-
ing sites of pUCI119 vector and sequenced by
dideoxy chain terminator method (Sanger et al.,
1977) using synthetic primers. The sequence in-
tegrity of each of the FMV Sgt promoter frag-
ments cloned in pUCI119 was verified before
subcloning to a protoplast expression vector
pUCPMAGUS, (Dey and Maiti, 1999a). FMV
Sgt promoter fragments were individually gel-
purified from the corresponding pUCI19 clone
after restriction digestion with EcoRI and HindIII
and subcloned into the corresponding sites of
pUCPMAGUS (Dey and Maiti, 1999a). The
following deletion plasmids were developed (Fig.
3A). The 5" and 3’ coordinates of the promoter
fragments with respect to TSS are given in
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parentheses: pFS1GUS (—369 to +31) pFS2GUS
(=320 to +31), pFS3GUS (—270 to +3l),
pFS4GUS (—220 to +31), pFS5GUS (—170 to
+31), pFS6GUS (—120 to +31), pFS7TGUS (—70
to +31), pFS8GUS (—369 to —70), pFSOGUS
(=369 to —20), pFS10GUS (—369 to +1),
pFS11GUS (—369 to +71), pFS12GUS (—369
to +101).

2.3. Construction of plasmids for internal deletion
analysis of FMV Sgt promoter

The specified FMV Sgt promoter region was
deleted from the full-length promoter fragment
(coordinates —369 to +31 in respect of TSS) as
depicted in Fig. 4A. Each of the following FMV
Sgt promoter regions (coordinates —270 to —221;
—270to —171; —220to —171; —170 to —121; —
170 to —71; and —120 to —71 with respect to
TSS) was subjected for internal deletion.

In PCR amplification, the region specified for
internal deletion was excluded from the fragment
by amplifying separately the upstream (1st half)
and downstream (2nd half) regions of the desired
fragment from the full-length promoter (FMV
Sgtl) with appropriately designed primers to
generate the fragment of following general struc-
ture: 5’-EcoRI — 1st half — Smal-HindIII-3" and
5-HincIl — 2nd half-HindI11-3’. The PCR ampli-
fied fragment was cloned into pUCI119 or
pBluescript(KS+) and DNA sequence was
checked before use. Plasmid containing the first
half was restricted with Smal and HindIII and was
used as a vector to insert the Hincll/HindIIl
fragment from the plasmid containing the 2nd
half of the specified region. The respective internal
deletion fragment was cloned as EcoRI-HindIIl
fragment into the corresponding sites of pUCP-
MAGUS as describe earlier. The resulting plas-
mids were designated as pID34, pID35, pID45,
pID56, pID57, and pID67 (Fig. 4A).

2.4. Construction of plasmids to map the promoter
region (coordinates —120 to —70 from TSS)

For further analysis of the promoter cis-se-
quence, the following promoter segments were
generated as EcoRI-HindIll fragments by PCR

amplification using appropriately designed pri-
mers; the corresponding 5'- and 3’-end coordinates
with respect to TSS shown in parentheses: 7a (—72
to +31); 7b (—80 to +31), 7c (—90 to +31), 7d
(—100 to +31), 7e (—110 to +31). The respective
promoter fragment was cloned as Eco R1-HindIIl
fragment into the corresponding sites of pUCP-
MAGUS as described earlier. The resulting plas-
mids were designated as p7a, p7b, p7c, p7d, p7e,
respectively (Fig. 3A).

2.5. Construction of plasmid pdAE to examine
position effect of an AE by placing it further
upstream of TATA box

A 30-bp activator element (AE, coordinates —
100 to —70 with respect to TSS) was PCR
amplified as a 5-EcoRI-AE-Smal-HindIII-3’
fragment from the full-length promoter FMVSgtl
using appropriately designed primers. The frag-
ment was cloned into pUCI119 as an EcoRI-
HindIIl fragment. The resulting plasmid was
named pUFSAE. A 150-bp promoter fragment
(5’-end at —170) that is devoid of the AE sequence
was PCR amplified from pID67 with appropri-
ately designed primers to insert a Hincll site at the
S’-end and a HindIll site at the 3’-end of the
fragment. This PCR-fragment was cloned as
Hincll-HindIIl into pUCI19 to generate the
plasmid pUFS5AAE. A ~ 150-bp HincIl-HindIIl
fragment isolated from plasmid pUFS5AAE was
inserted into the Smal and HindlIlI digested vector
pUFSAE. The resulting plasmid was named as
pUFS5 2% The promoter sequence isolated as an
EcoRI-HindlIl fragment from pUFS5~ " was
cloned into the corresponding sites of pUCPMA-
GUS as described earlier to generate the plasmid
pdAE.

2.6. Construction of plant expression vectors with
FMYV Sgt promoter, plant transformation and
analysis of transgenic plants

The FMV Sgt promoter fragments isolated from
pFS1GUS (coordinates —369 to +31 from TSS)
pFS3GUS (coordinates —270 to +31 from TSS)
were cloned into the plant expression vector
pKYLX71 GUS (Schardl et al., 1987; Dey and
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Maiti 1999a) at its unique EcoRI and HindIlI sites
that flank the promoter. Resulting plant expres-
sion vectors were designated pKFSIGUS and
pKFS3GUS, respectively. Constructs pKFSIGUS
and pKFS3GUS were introduced into Agrobacter-
ium tumefaciens strain C58C1:pGV3850 by tripar-
ental mating. Tobacco plants (Nicotiana tabacum
cv. Samsun NN) were transformed with the
engineered Agrobacterium as described earlier
(Maiti et al., 1993). About 12 independent plant
lines were generated for each construct. Regener-
ated kanamycin-resistant plants were grown under
greenhouse conditions.

2.7. PB-Glucuronidase assay

Fluorometric GUS assays to measure GUS
activity in plant tissue or protoplast extracts and
histochemical GUS staining to localize the dis-
tribution of GUS activity in plants were performed
according to Jefferson et al. (1987) as described
earlier (Maiti et al., 1997). Total protein content in
plant extracts was determined according to the
method of Bradford (1976) using BSA as a
standard.

2.8. RNA extraction, Northern blot and RNA dot
blot analysis

Protoplasts were transformed with individual
FMV Sgt promoter constructs. After 12 h, total
RNA was prepared from the transformed proto-
plasts by using an RNA extraction kit (Plant
RNeasy kit, Cat No. 74904, QIAgen, CA) with
RNase-free DNase treatment as per manufac-
turer’s specification. For northern blot analysis,
total RNA (10 pg) was separated on 1.0% agarose
gel containing 1 x denaturing gel buffer (Ambion
Inc., Austin, TX; Cat.#8676). After electrophor-
esis the gel was rinsed with 1X MOPS gel running
buffer. RNA from the gel was transferred onto the
Nytran membrane (Schleicher &  Schuell;
Cat.#77403) by downward movement using Am-
bion’s transfer buffer (Ambion Inc.; Cat.#8672G).
The GUS probe was made using the random
primer labelling kit (Stratagene, La Jolla, CA;
Cat.#300385). RNA on the membrane was fixed
by UV cross-linking (Stratalinker, Stratagene) at

auto-setting. The membrane was prehybridized for
1 h at 42 °C in Northmax hybridization solution
(Ambion Inc.; Cat.#8670G). Hybridization was
carried out under the same conditions using >*P-
labeled GUS probe for 20 h. After hybridization
the membrane was washed three times at 65 °C
for 15 min each; once in low stringency washing
solution (Ambion, Cat.#8673G) followed by two
high stringency washings (Ambion, Cat.#8674G)
and finally exposed to X-ray film.

2.8.1. RNA dot blot

An aliquot of 10 pg of RNA was denatured with
50% deionized formamide and 7% formaldehyde
at 65 °C for 15 min then chilled on ice. Denatured
RNA samples were diluted with 6XSSC to 500 pl
and transferred onto the pre wet Nytran mem-
brane in 6XSSC using a BRL hybrid-dot manifold.
After RNA transfer the membrane was UV cross-
linked. It was hybridized with *?P-labeled GUS
probe, washed and detected by autoradiography as
described above for Northern blot.

2.9. Determination of TSS of FMV Sgt promoter
and DNA sequencing

The transcriptional start site was determined by
primer extension analysis as described earlier (Dey
and Maiti 1999a). Sequencing reactions were
carried out according to Sanger et al. (1977) using
SEQUENASE Version 2.0, USB. Products of sequen-
cing reactions and the primer extension product
were run side by side on the same sequencing gel
(Sambrook et al., 1989). Automated DNA sequen-
cing was done with an Applied Biosystem ABI
Prism 310 Genetic Analyzer (Perkin Elmer) using
ABI Prism Dye terminator cycle sequencing ready
reaction kit containing Ampli 7ag DNA polymer-
ase as described earlier (Dey and Maiti 1999a).

3. Results and discussion

3.1. Structure and sequence analysis of FMV Sgt
promoter

The FMV Sgt promoter was isolated from a
genomic clone (FMYV, strain DxS; Richins et al.,



52 S. Bhattacharyya et al. | Virus Research 90 (2002) 47-62

1987). Nucleotide sequence of the FMV Sgt
promoter (FMV genomic coordinates 4963—
5432) is shown in Fig. 1. The TSS (TTCTAAA,
start site in bold letter, FMV genomic coordinates
5332) was determined by primer extension analy-
sis.

The FMV Sgt promoter sequence does not
contain a consensus eukaryotic regulatory se-
quence such as TATATAA or CAAT box that
are present in full-length transcript promoters of
caulimoviruses. It has a TATA-like element (TA-
TAAA) at position —42 to —46. The TATA box
of MMV Sgt promoter has a similar sequence
(TATAAA) instead of consensus TATA box (Dey
and Maiti, in press). Deletion analysis presented in
a following section indicates that TATAAA se-
quence of FMV Sgt promoter functions as a
TATA clement. In FMV Sgt promoter, a tran-
scriptional enhancer element (TGACG) similar to
the core sequence of the as— 1 motif (Lam, 1994) is

present at 21 bp upstream of TATA element.
However, it is not in duplicate as is usually present
in full-length transcript promoters of FMYV,
CaMV and MMV (Odell et al., 1985; Maiti et
al., 1997 and Dey and Maiti, 1999a). In addition,
there are several direct repetitive sequences
AGAATTA (marked as la, 1b, Ic, 1d, and le);
AAAAACG (denoted as 2a, 2b, 2¢); AGATT
(denoted as 3a, 3b, 3c) and ACAAATT (denoted
as 4a and 4b) are not present in other caulimovirus
promoters but they may have some regulatory
function. More work will be needed to evaluate
their regulatory role, if any, in promoter function.

The FMV Sgt promoter has a high AT content
(66%). DNA sequence alignment (ClustalW multi-
ple sequence alignment program) analysis of FMV
Sgt promoter sequence with that of full-length
transcript promoters from FMV, PCISV, MMV
and CaMV showed about 25-34% sequence
identity. DNA sequence identity of FMV Sgt

-369 -320
N l
TTCAAACAAG CAGAAAAGAA TTATCACAGC AATGATAAAG AATTACTAGC AGTCAAGCAA -310
la =270 1b
d
GTAATCACCA AGTTTTCAGC TTACCTAACA CCAGTCAGGT TTACAGTAAG AACTGATAAC -250
=220
{
AAAAATTTTA CTTATTTCCT TAGAATTAAT CTTAAAGGTG ATAGTAAACA AGGACGATTA -190
-170 Ic
d
GTCCGTTGGC AAAATTGGTT CAGCAAGTAT CAATTTGATG TCGAACATCT TGAAGGTGTA -130
-120 -70
l d

AAAAACGTTT TAGCAGATTG CCTCACGAGA GATTTTAATG CTT -70

2a 3a 3b 2b 0CS

-70

[CGTAITGATTIT CAAAAAACGC AGCTATAAAA GAAGCCCTCC AGCTTCAAAG TTTTCATCAA -10

3¢ 2c T

(TSS) » -20
CACAAATTCT AAAAACAAAA TTTTTTAGAG AGGGGGAGTG ATGGAAGAAT TAAAGGCCTT +51

4a T 4b T 1d

+31
GCGCCTAAAA GAAAAAATTCT TAGAAATAGA ATTAAATTCT GTAAAAATGCT +101
le
+71 +101

Fig. 1. The DNA sequence of the sub-genomic transcript (Sgt) promoter of the FMV. A 470 bp fragment (—369 to + 101 with respect
to the TSS; corresponding coordinates in FMV genome 4963—-5432) includes the 3’-end of FMV ORF V (—369 to —84 from TSS;
corresponding FMV coordinates 4963—5248) followed by the small intergenic region (—83 to +31 in respect of TSS) and the 5" portion
of the FMV ORF VI (coordinates +32 to +101 from TSS) presented from left to right in the 5" to 3" direction. The TSS is indicated
(W) as+1. An arrow above or below the sequence indicates the end point of the 5" or the 3’ deletion fragment, respectively. The
tentative TATA box, and the ATG codon of FMV ORF VI are shown in bold. All repeat sequence domains (designated la, 1b, 1c, 1d,
le; 2a, 2b, 2c; 3a, 3b, 3c; 4a, 4b) are underlined. The region homologous to the OCS element containing as—1 like sequence TGACG

shown in box.
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promoter with that of the CaMV 19S promoter,
MMV Sgt promoter and PCISV Sgt promoter is
55, 54, and 32%, respectively.

3.2. Transcription start of FMV Sgt promoter

The TSS of the FMV Sgt promoter was
determined by primer extension analysis with total
RNA isolated from transgenic tobacco seedlings
(homozygous with respect to the Kan® marker
gene, R2 progeny) developed for the construct
pKFS3GUS. A major extension product was
detected and mapped to a T residue that is located
at 46-nucleotides downstream of the TATA ele-
ment (Fig. 2). Most likely it represents the 5'-end
of the FMV Sgt transcript in this context. Se-
quence comparisons of the TSS with other cauli-

€
S

(5323) (-9)

ATG C 37°C

(5339)

S LOL LLLLVDVVLLLYD LD
EVOVVVVVILOLLVVVDV)D,

Fig. 2. Determination of the transcriptional start site (TSS) of
the FMV Sgt promoter by primer extension analysis. Primer
extension was carried out as described in Section 2; annealing
was done at 37 °C. Primer extension reaction products were
subjected to electrophoresis on denaturing polyacrylamide gel
containing urea alongside with the sequence reaction of GUS
gene construct (lane A, T, G and C) performed with the same
labeled primer. The minus strand DNA sequence read on the
gel is shown and the transcriptional start site (T*) in the
corresponding plus strand is indicated by an arrow. Numbers in
parentheses correspond to the FMV Sgt promoter coordinates
—9 to +7 with respect to TSS (corresponding nucleotide
coordinates 5323-5339 of the FMV genome, Richins et al.,
1987).

movirus promoters showed little overall sequence
homology.

3.3. 5'- and 3’-end deletion analysis of FMV Sgt
promoter

In order to define the boundaries required for
maximal promoter activity and to analyze the
influence of cis-sequences upstream and down-
stream of the TATA element on promoter activity,
a 470-bp FMV Sgt promoter fragment (coordi-
nates —369 to +101 with respect to TSS) was
subjected to 5’- and 3’-end deletion analysis.
Twelve promoter fragments generated by PCR
amplification were cloned into the protoplast
expression vector pUCPMAGUS as described in
Section 2. A schematic map of deletion constructs
is shown in Fig. 3A. The 5’- and 3’-end points of
each fragment are indicated in parentheses. Pro-
moter fragments containing the GUS reporter
gene were introduced into tobacco protoplasts
for transient expression assays. Results of the
expression analysis of the FMV Sgt promoter are
shown in Fig. 3B. The expression level of construct
1 (pFS1GUS, coordinates —369 to +31 from
TSS) was 7.02+1.01 nmol MU/min/(mg protein),
and this value was considered to represent 100%
promoter activity for comparison with other end
deletion and internal deletion constructs presented
here and later sections. The expression level of
deletion constructs 2, 3,4, 5, 6, 7, 8, 9, 10, 11, and
12 was 135, 169.5, 123.4, 85.5, 70.8, 3.3, 0, 5.1, 100,
4.1, and 5.1%, respectively, relative to construct 1.
Our results showed that a deletion of ~ 50 bp (—
369 to —321) from the 5-end in construct 2,
resulted in a 35% increase in promoter activity.
Further deletion by ~ 100 bp from the 5-end
resulted in a 69% increase in promoter activity.
Construct 3 (pFS3GUS, coordinates —270 to +31
from TSS) gave maximum promoter activity. This
data suggests that the upstream promoter se-
quence between —369 and —271 from TSS, in
this context, may not be essential for maximal
promoter activity. However, internal deletion
analysis described later shows that expression
may depend on the combinatorial organization
of promoter sequences. Successive deletion of
~ 150, ~ 200, 250 bp from the 5’-end in construct
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Fig. 3. (A) A schematic map of the GUS constructs (number 1-12) developed for the deletion analysis of FMV Sgt promoter. The 5'-
and 3’-end coordinates of the relative deletion fragments are given in parentheses. The end points for the 5'- or the 3’-end deletion
constructs are also indicated above or below the sequence respectively in Fig. 1. At the top, the relative position of the TATA box, TSS
(+1) and the FMV Sgt promoter coordinates are shown. (B) FMV Sgt promoter expression analysis in protoplast transient expression
assay using GUS reporter gene. Soluble protein extracts (5 pg) from transformed protoplasts were used for GUS assay. Each construct
was assayed at least three times in four independent experiments. The average GUS activity (as % of FS1GUS) with standard division
is presented in the histogram. Error bars show the 95% confidence intervals of the means. Statistical (one-way analysis of variance,
ANOVA) analysis showed an extremely significant P value of < 0.001. (C) Untransformed control, extract from protoplasts.

4, 5, and 6 respectively, reduced the promoter
activity to 123.4, 85.5, and 70.8% respectively,
compared to the maximal activity (169.5%) ob-
tained with construct 3. Further deletion of ~ 50
bp (coordinates —120 to —71 with respect to TSS)
in construct 7 (pFS7GUS, coordinates —70 to +
31 from TSS) drastically reduced the promoter
activity to 3.3% suggesting the importance of the
cis-sequence present in this region for promoter
activity. This TATA-upstream region (coordinates
—120 to —71 from TSS) was chosen for more
detailed analysis as described in a later section.
Construct 8 (pFS8GUS, coordinates —369 to —
70 from TSS) that is devoid of the TATA element
showed no or below the detection level of promo-
ter activity. This demonstrates the importance of
the TATA element for FMV Sgt promoter func-

tion, although the FMV Sgt TATA box sequence
(TATAAA) does not share the same consensus as
that of the FLt promoter TATA sequence (TA-
TATAA) present in other caulimovirus including
CaMV, PCISV. The MMV Sgt promoter has a
similar TATAAA sequence that was also shown to
function as a TATA element for the MMV Sgt
promoter (Dey and Maiti, in press). However, no
CAAT-like sequence was detected in FMV Sgt
sequence in contrast to MMV Sgt promoter (Dey
and Maiti, in press).

The 3’-end deletion construct 9 (pFS9GUS,
coordinates —369 to —20 from TSS), showed
much less activity (5.1%) compared to construct 10
(pFS10GUS, coordinates —369 to +1) that gave
100% activity, suggesting the importance of the
TATA downstream cis-sequence (—21 to +1
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from TSS) for FMV Sgt promoter function.
Deletion constructs 11 (pFS11GUS, —369 to +
71) and 12 (pFS12GUS, —369 to +101) with
extended untranslated leader sequences showed
strongly decreased promoter activity, 4-5% as
compared to construct 1 (pFS1GUS, coordinate
—369 to +31). In this context, the extended leader
sequence (coordinates +32 to +101 from TSS)
has significant inhibitory effect on promoter func-
tion. In the case of caulimovirus FLt promoters,
which have 25-30 nt longer untranslated leader
sequences compared to that of Sgt promoters,
extended leader sequence is required for maximum
promoter activity (Mandy et al., 1993; Dey and
Maiti, 1999a). In contrast, for the FMV Sgt
promoter (this study) and MMV Sgt promoter
(Dey and Maiti, in press) containing extended
leader sequences (beyond +31 for FSgt, and +27
for MSgt promoter) were found to reduce promo-
ter activity.

The transcript level in construct 11 (coordinates
—369 to +71) and 12 (coordinates —369 to +
101) containing longer leader sequence was rela-
tively less (Fig. 5A) and the promoter activity was
reduced probably through its effect of longer
untranslated leader sequence on transcription
and subsequent translation. It may have some
implication on the formation of secondary struc-
ture of transcripts. In this context, the inclusion of
5-end portion of gene VI (37- and 70-nt in
construct 11 and 12, respectively) reduced the
FMV Sgt promoter activity whereas MMV Sgt
showed better activity when fused with the 5-end
portion of gene VI (Dey and Maiti, in press). More
work will be needed to evaluate the regulatory
role, if any, of untranslated leader sequence
derived from gene VI sequence in promoter
function. The functional mechanism of various
caulimovirus Sgt promoters may differ within the
wild type caulimoviruses.

3.4. Internal deletion analysis of FMV Sgt
promoter

The 5’- and 3’-end deletion analysis of FMV Sgt
promoter suggests a regulatory role of the cis-
region present in between coordinates —270 to —
221 and —220 to —171 with respect to TSS

(compare the expression level of construct 3, 4,
and 5; Fig. 3B). In order to elucidate whether these
domains can function independently or in combi-
nation with other regions, internal deletion analy-
sis was carried out as described below. Internal
deletion promoter fragments were generated and
cloned into the protoplast expression vector
pUCPMAGUS (Dey and Maiti, 1999a) as de-
scribed in Section 2. A general scheme of the
internal deletion and results are shown in Fig. 4A
and B, respectively. Construct ID34 with an
internal deletion of ~ 50-bp located between the
5’-ends of construct 3 and 4 (coordinates —270 to
—221) showed about 94.5% promoter activity
compared to pFS1GUS (coordinates —369 to +
31 from TSS) giving 100% activity. Construct
ID35 with an internal deletion of ~ 100-bp
sequence between 5’-ends of construct 3 and 5
gave 164% promoter activity. In construct 1D45,
deletion of 50-bp sequence located between 5’-ends
of construct 4 and 5 (coordinates —220 to —171
from TSS) resulted in a164% increase of promoter
activity. Taking these data together, it indicates
that a 100-bp sequence (coordinates —270 to —
171 from TSS) that is essential for maximal
promoter activity shown in construct 3 (coordi-
nates —270 to +31 from TSS, Fig. 3), may not be
essential in this context (compare construct 1 with
construct ID35 and ID45) for maximal promoter
activity when it is replaced with the upstream
sequence of coordinates —369 to —271 from TSS.
As mentioned in the previous section, our results
suggest that FMV Sgt promoter function may be
optimized by different combinatorial organiza-
tions of cis-sequence domains located upstream
of the TATA elements.

Construct ID56 that has an internal deletion of
~ 50-bp (coordinates —170 to —121) located
between 5-ends of construct 5 and 6, showed
134.7% promoter activity. This result suggests that
this sequence is not critical for promoter function
in this context. However, further downstream of
this, a deletion encompassing ~ 100 bp (coordi-
nates —170 to —71) in construct ID57, or of 50 bp
(coordinates —120 to —71) in construct ID67,
resulted in a drastic reduction of promoter activity
to 2.4 or 2.7%, respectively compared to construct
1, representing 100% activity. Internal deletion
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analysis of the FVM Sgt promoter with constructs
ID56, ID57 and ID67 (Fig. 4A and B), clearly
showed the presence of an AE, a ~ 50 bp cis-
sequence (coordinates —120 to —70 from TSS)
located upstream of the TATA element, and it is
absolutely required for promoter function. This
AE domain was analyzed further as shown below.

3.5. Finer deletion analysis of cis-domain
(coordinates —120 to —70 from TSS)

A detailed deletion analysis was conducted in
order to dissect further the positive regulatory
sequence present in the AE (coordinates —120 to
—70 from TSS). A schematic deletion map and
results are shown in Fig. 4A and C, respectively.
Construct 7 (coordinates —70 to +31) gave 3.3%
of promoter activity compared to FSIGUS repre-
senting 100% promoter activity. In construct 7a
(coordinate —72 to +31), extension of 5’-end with
two more nt gave only 4% of the relative activity
but with eight additional nts at the 5-end as in
construct 7b (coordinates —80 to +31 from TSS),
the promoter activity increased to 89.3% indicat-
ing the importance of this 8-nt cis-sequence
(GTAAGCGC, coordinates —80 to —73 from
TSS; Fig. 1) for promoter function. Construct 7c
(coordinates —90 to +31), containing a 5-end
with 10 additional nts, gave 94.9% promoter
activity. Further extension of 5-end with 10
more nt in construct 7d (coordinates —100 to +
31 from TSS) increased the promoter activity to
196.6%, compared to the represented value of
pFSIGUS (100%). Thus, this 10-nt sequence
(AGATTTTAAT; coordinates —100 to —91
from TSS) is essential in enhancing FMV Sgt
promoter activity. Construct 7e (coordinates —110
to +31 from TSS) with the 5-end extended by 10
additional nt, gave 106.8% promoter activity. Our
results show that the presence of two cis-acting
domains within the 30-bp promoter sequence
(coordinates —100 to —70 from TSS) is absolutely
required for promoter activity.

A 17-nt motif with strong homology with the
activator sequence OCS element (Ellis et al., 1993)
is present in the FMV Sgt promoter (coordinates
—82 to —66 from TSS). The as—1 element found
in CaMV 35S promoter is also present in this

region (TGACGTAT, coordinates —72 to —65
from TSS). Our results showed that the inclusion
of the as—1 sequence in construct 7a (coordinate
—72 to +31 from TSS) was not sufficient to
enhance promoter activity. However, inclusion of
sequence further upstream in constructs 7b and 7d,
was shown to increase promoter activity. The
FMV AE is located within 35-nt upstream of the
TATA element. It has been reported that the AE is
present within 10-nt upstream of the TATA box
for the RTBV promoter (He et al., 2000), the o-
amylase gene promoter (Willmott et al., 1998) and
the parsley 4CL1 promoter (Neustaedter et al.,
1999). The nucleotide sequence in the AE-
domain of the g-amylase promoter (—5S0GATCA-
CATCCCCCCT-36), the parsley 4CL1 promoter
(5-TCCCCATTTACCCCT-3") and the RTBV
promoter (-70GTAAGAGTGTGTAATGAC-
CAG TGTGCCCCTGGACTC-35) is pyrimi-
dine-rich, whereas that in FMV Sgt promoter (—
I1000AGATTTTAATGCTTAAAAACG-
TAAGCGCTGACG TA-66) lacks such a profile.

3.6. Position dependency of AE

The AE domain (coordinates —100 to —70
from TSS) of the FMV Sgt promoter was placed
50-bp further upstream, at —170 from TSS in
construct pdAE; the promoter activity was drasti-
cally reduced and this indicates that the functional
activity of this AE sequence is position-dependent.
We speculate that this cis-domain of the FMV Sgt
promoter may bind its cognate trans-acting fac-
tor(s) that may also interact with TATA-binding
elements such that further displacement of the AE
domain may prevent complex formation. More
work is needed to gain insight in the analysis of the
AE in the FMV Sgt promoter. It has been reported
for other plant promoters that transcription fac-
tors that bind to TATA-upstream sequences also
interact with the TFIIA-TBP-TATA transcrip-
tional pre-initiation complex (Le Gourierrec et al.,
1999) and increases in distance from the initiation
complex with respect to the TATA box reduces its
functional activity (Roberts et al., 1995; He et al.,
2000).
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3.7. RNA dot blot and Northern analysis

The relative strengths of the FMV Sgt promoter
fragments fused with GUS reporter gene were
determined by hybridization analysis of total
RNA. Total RNA was isolated from protoplasts
12 h after transfection. RNA dot blot analysis was
performed using **P-labeled GUS coding sequence
as probe, for each 5’- and 3’-end deletion construct
(No. 1-12 as described in Fig. 3A) as well as
internal deletion constructs (ID34, ID35, ID45,
ID56, ID57, and ID67 as described in Fig. 4A).
Results are depicted in Fig. SA. Transcript levels
of these constructs showed very good agreement
with the promoter expression activity using GUS
reporter gene activities. The highest signal was
obtained for 5-end deletion construct 3 and the
minimum signal was obtained from construct 8§,
which is devoid of the TATA element.

RNA dot blot analysis of internal deletion
constructs showed a low signal for construct
ID56 and ID67 but higher signal for constructs
ID34, ID35, ID45 and ID56 (Fig. SA). The relative
intensity of each blot is in good correlation with
GUS activity obtained for the corresponding
construct.

Northern analysis of total RNA isolated from
transgenic tobacco seedlings (R1 progeny, 2nd
generation) developed for the construct
pKFS3GUS and pK35SGUS showed expected
size of GUS transcript (2100-nt) (Fig. 5B)

3.8. Comparative expression analysis of FMV Sgt
promoter in monocot and dicot protoplasts

Comparative expression analysis of the FMV
Sgt promoter with CaMV 35S promoter was
performed in protoplast transient expression ex-
periments using GUS as a reporter gene. Proto-
plasts were isolated from suspension cell cultures
established for monocot (maize BMS culture) and
dicot (tobacco Xanthi) plants as described in
Section 2. Results are shown in Fig. 6. The
expression level of FMV Sgt promoter is about
27-fold higher in tobacco as compared to that with
maize cells. The FMV Sgt promoter is about 2-fold
greater in strength than that of the CaMV 35S
promoter. However it is interesting to note that the

CaMV 35S promoter gives higher expression in
maize protoplasts compared to that of the FMV
Sgt promoter.

3.9. Expression analysis of FMV Sgt promoter in
transgenic plants

A number of independent tobacco transgenic
lines were developed for the constructs
pKFS1GUS and pKFS3GUS. Comparative ex-
pression of GUS activity in different plant tissues
(roots and leaves) of seedlings (R1 progeny, 2nd
generation) was carried out for plants developed
for FMV Sgt promoter analysis and CaMV 35S
promoter. In transgenic plants harboring the FMV
Sgt promoter fusion constructs, distribution of
GUS activity was about 5-fold more in roots than
in leaves (Fig. 7A). Histochemical staining of
whole seedlings developed for pPKFS3GUS showed
intense GUS staining in root tissue compared to
leaf tissue (Fig. 7B). The expression level of CaMV
35S promoter in root tissue is about 4-fold higher
than that seen in leaves (Fig. 7A). It has been
reported that the full-length transcript promoter
from FMV (Maiti et al., 1997), PCISV (Maiti and
Shepherd, 1998) and MMV (Dey and Maiti,
1999b) showed about 2-fold more activity in roots
compared to leaves. The FMV Sgt promoter
showed more activity in roots compared to other
caulimovirus analyzed in this context.

3.9.1. FMV Sgt promoter activity in flower organs

FMYV Sgt promoter activity was also measured
in flower organs from ten independent homozy-
gous lines (in respect of Kan®™ marker gene),
developed for the construct pKS3GUS. Flower
samples were collected 1 day before anthesis. The
promoter activity was found to be relatively low in
flowers compared to roots and leaves of plants,
with a pattern of expression ranked follows:
calyx > filament > styles > pedicel > ovary >
stigma. Similar patterns have been observed for
the full-length transcript promoter of CaMV 35S
promoter (An et al., 1988), FMV (Maiti et al.,
1997) and MMV (Dey and Maiti, 1999b).

The present investigation documents that an AE
is present in the FMV Sgt promoter; located
upstream of the TATA element, that is absolutely
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Fig. 4. (A) A schematic representation of the internal deletion constructs and 5’-end deletion constructs of FMV Sgt promoter used to
map the AE. At the top, the relative position of the TATA box, and the coordinates with respect to TSS of FMV Sgt promoter are
shown. The 5’- and 3’-end coordinates of the relative deletion fragments are given in parentheses (construct number 1-7) as pointed
out in Fig. 3A. Constructs developed for internal deletion of FMV Sgt promoter are denoted as ID34, ID35, ID45, ID56, ID57, and
ID67. Deleted regions marked with lighter vertical lines and promoter coordinates of deleted regions in parenthesis are shown. In the
bottom part of (A), constructs denoted as 7a, 7b, 7c, 7d, 7e were generated to map the promoter region —120 to —70 from TSS. This
region is located in between the 5'-ends of constructs 6 and 7 as pointed out by lighter vertical line. (B) Expression analysis of FMV Sgt
promoter fragments in protoplast transient expression assay using a GUS reporter gene. Soluble protein extracts (5 pg) from
transformed protoplasts were used for GUS assays as described in Section 2. Construct number 1-7 shown in Fig. 3 are taken for
comparisons with internal deletion constructs D34, ID35, ID45, ID56, ID57, ID67. Each construct was assayed at least three times in
four independent experiments. The average GUS activity (as % of FSIGUS) with standard division is presented in the histogram. Error
bars show the 95% confidence intervals of the means. The statistical (one-way ANOVA) analysis showed an extremely significant P
value of <0.001. (C) Expression analysis of FMV Sgt promoter fragments in construct 7a, 7b, 7c, 7d, 7e in protoplast transient
expression assay using GUS reporter gene. For comparison, level of expression for construct 7 and 6 are also shown. Expression levels
of the internal deletion construct (pdAE) with activator sequence (promoter coordinates —100 to —71 from TSS) placed upstream of
—170; and control (Co), extract from untransformed protoplast are shown. Each construct was assayed at least three times in four
independent experiments. The average GUS activity (as % of FSIGUS) with standard division is presented in the histogram. The
statistical (one-way ANOVA) analysis showed an extremely significant P value of <0.001.

essential for promoter function. The function of Sgt promoter is constitutive in nature and can
the AE is critically dependent on its position direct expression of genes in transgenic plants. The
relative to the promoter TATA box. The FMV expression level in roots is higher than that of
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Fig. 5. (A) RNA dot blot analysis of total RNA (10 ng)
obtained from transformed protoplasts with end deletion
construct No. 1-12 and internal deletion constructs (ID34,
ID35, ID45, ID56, ID57, ID67) as indicated in Fig. 3A and Fig.
4A, respectively. Protoplasts transformed with plasmid
(pBsKGUS) containing the GUS gene with no promoter
(Vector control, C) and with (pPCa35SGUS) with the GUS
gene under 35S promoter (Positive control, 35S) are shown. (B)
Northern blot analysis of total RNA (10 pg) obtained from
plants developed for pKFS3GUS (lane 1), pKCaMV35SGUS
(lane 2) and untransformed Samsun NN plant (lane 3). Blots
were hybridized with 3*P-labeled GUS as described in Section 2.

other caulimovirus promoters. The strength of the
FMV Sgt promoter is dependent on the types of
cells used for analysis. The promoter activity is
greater than that of CaMV 35S promoter and very
much comparable to FMV FLt promoter reported
earlier (Maiti et al., 1997) in dicot tobacco,
whereas FMV Sgt promoter is less active compare
to 35S promoter in monocot maize cells. We are
interested in further studies to analyze the mole-
cular interactions between different cis-sequence
and the cognate trans-elements involved in FMV
Sgt promoter function and its regulation.
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Fig. 6. (A) Comparative expression analysis of FMV Sgt
promoter with CaMV 35S promoters in a protoplast transient
expression experiment using dicot tobacco cells (A) and
monocot maize cells (B). GUS constructs with FMV Sgt
promoter fragments (1-12 as described in Fig. 3A) and with
CaMV 35S promoters (pPCa35SGUS) were assayed in proto-
plast transient expression experiments. Each construct was
assayed at least three times in three independent experiments.
The average GUS activity is presented in the histogram. Error
bars show the 95% confidence intervals on the means. The
statistical ANOVA analysis showed a P value <0.001, this is
considered to be extremely significant.
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