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Abstract Potential promoter regions of the Banana
bunchy top virus (BBTV)-associated DNA components
S1 and S2 were fused to the B-glucuronidase reporter
gene and assessed for activity in both tobacco (Nicotiana
tabacum cv. Xanthi) and banana (Musa spp. cv.
Bluggoe). Transient assays indicated that al the S1- and
S2-derived promoters were active and had greater ex-
pression in tobacco than banana. In stably transformed
tobacco and banana, the S1- and S2-derived promoters
directed expression in root meristems and trichomes. The
S1 promoter was also expressed in the vascular tissue of
leaves and roots, while both the S1 and S2 promoters
were active in tobacco leaf trichomes and pollen. In ba-
nana, expression was significantly enhanced by the in-
clusion of the maize polyubiquitin intron 3' to the pro-
moter. Interestingly, there was some evidence to indicate
that S1 promoter fragments containing part of the open
reading frame at the 5' end of the promoter had enhanced
activity, suggesting that promoter elements may not be
confined to the non-coding region.

Keywords Banana bunchy top virus - Promoter -
Vascular expression - Intron-mediated enhancement

Abbreviations BBTV: Banana bunchy top virus -
GUS: B-Glucuronidase - ORF: Open reading frame -
uidA: Escherichia coli gene encoding GUS

Introduction

A number of monocot-active, transcriptional promoters
have been isolated from viruses infecting both dicoty-

Communicated by R. Gilbertson

S.R. Hermann - D.K. Becker - R.M. Harding - J.L. Dale ([ ])
Centre for Molecular Biotechnology,

Queensland University of Technology, GPO Box 2434,
Brisbane, Queensland 4001, Austraia

e-mail: j.dale@qut.edu.au

Tel.: +61-7-38642819, Fax: +61-7-38641534

ledonous (dicot) and monocotyledonous (monocot)
plants. Several of these promoters, such as those derived
from the cauliflower mosaic virus (CaMV) (Terada and
Shimamoto 1990), cassava vein mosaic virus (CVMV)
(Verdaguer et al. 1996) and sugarcane bacilliform virus
(ScBV) (Tzafrir et a. 1998; Schenk et al. 1999), show
strong, near-constitutive expression in rice (CVMV), ba
nana (ScBV) and oat (ScBV). In contrast, promoters iso-
lated from rice tungro bacilliform virus (RTBV)
(Bhattacharyya-Pakrasi et al. 1993) and Commelina yel-
low mottle virus (CoYMV) (Medberry et al. 1992) show
vascular tissue-specific activity in rice and oat, respec-
tively. With respect to the genetic engineering of plants,
both classes of promoters may be valuable for different
temporal and spatial expression of transgenes. However,
a greater range of monocot-active promoters is required
to expand the diversity of transgene expression patterns.
Banana bunchy top virus (BBTV), which infects
members of the monocot genus Musa, has a genome
consisting of at least six segments of circular, single-
stranded DNA (cssDNA) (BBTV DNA-1 to -6), each
about 1 kb (Harding et al. 1993; Burns et a. 1995). The
intergenic regions of these components have been previ-
ously shown to possess promoter activity in vascular tis-
sue and in undifferentiated and/or actively dividing cell
types (Dugdale et a. 1998). This activity was increased
100- to 300-fold by the inclusion of the maize poly-
ubiquitin or rice actin introns, respectively, 5' to the re-
porter gene (Dugdale et a. 2001). Recently, several addi-
tional cssDNA components, BBTV-S1, -Y1 and -S2,
have been isolated from different Taiwanese isolates of
BBTV. These components are also approximately 1 kb
(Wu et al. 1994; Yeh et al. 1994; Horser et al. 2000) and,
like BBTV DNA-1, potentially encode replication initia-
tion (Rep) proteins. However, based on their limited geo-
graphical distribution, different genome organisation and
relatively low homology to the ‘master’ Rep protein en-
coded by BBTV DNA-1 (<40%), these additional css-
DNA components do not appear to be integral compo-
nents of the BBTV genome (Horser et al. 2000). Here,
we report the identification of the promoter regions of



BBTV-S1 and -S2, and their ability to direct gene ex-
pression in transgenic plants.

Materials and methods

Transformation constructs

Putative promoter fragments (Fig. 1) were polymerase chain reac-
tion (PCR)-amplified from cloned BBTV-S1 or -S2 (Horser et al.
2000). Fragment S1.1 was amplified using primers S1.1 (5'-GC-
AAGCTTGGTCTATGGTCCG-3') and S1R (5'-GCGGATCCTG-
ATGACGTAGGG-3'); fragment S1.2, using primers S1.2 (5'-GC-
AAGCTTCCGAAGATAGAATAAAG-3) and SIR; and fragment
S1.3, using primers S1.3 (5-GCAAGCTTAGCCACGAAGGAA-
C-3') and S1R. Fragment S2.1 was amplified using primers S2.1
(5'-GCGTCGACGGCTCACTGGGAGA-3') and S2R (5'-GCTC-
TAGATGATGACGTCAGGG-3'); fragment S2.2, using primers
S2.2 (5-GCGTCGACAGAAGATAGAATA-3) and S2R; and
fragment S2.3, using primers S2.3 (5'-GCGTCGACGGCCCTTA-
ATGGGCC-3') and S2R. The PCR reactions contained 20 pmol of
each primer, with 50 mM KCl, 15 mM MgCl,, 10 mM Tris-HCI,
pH 8.0, 200 uM dNTPs, 0.2 U Amplitag polymerase (Perkin
Elmer) and approximately 0.1 ng of BBTV template. The reaction
mix was subjected to an initia denaturation step of 94°C for
5 min, followed by 35 cycles of 94°C for 1 min, 45°C for 30 s,
72°C for 1 min, and afinal extension step of 72°C for 10 min. The
amplified products were cloned into pPGEM-T (Promega) and sub-
cloned into vectors for either Agrobacterium-mediated transforma-
tion or microprojectile bombardment. For Agrobacterium-mediat-
ed transformation, the promoter fragments were cloned upstream
of the Escherichia coli gene encoding (-glucuronidase (uidA) and
the nopaline synthase (nos) terminator in pBI101.3 (CLONTECH),
creating pBINS1.1 to pBINS2.3. For microprojectile bombard-
ment, the promoter fragments were cloned into pGEM-GN, which
contained the HindllI/EcoRI uidA cassette from pBI101.3 in
HindlI1/EcoRI-digested pGEM3zf+ (Promega), creating pS1.1-GN
to pS2.3-GN. Promoter constructs containing introns were prepared
by excising the maize polyubiquitin 1 (ubil) intron-uidA cassette
(Christensen and Quail 1996) from the vector pUGR73 (Bglll/Sacl
digest) and cloning into BamHI/Sacl-digested S1/2.2-GN, creating
S1/2.2-ubi1-GN.

To compare promoter expression, we used two control plasm-
ids: p35S-GN, which contained the 800-bp CaMV 35S promoter
upstream of the uidA cassette from pBl1121, and pUGR73, which
consisted of the maize ubil promoter and intron (Christensen and
Quail 1996) located upstream of a uidA reporter gene and the to-
bacco ribulose-1,5-bisphosphate carboxylase/oxygenase small
subunit gene 3' untranslated region. For co-transformation experi-
ments, equal amounts (1 pg) of the promoter constructs and
pDHKan, which contained the CaMV 35S promoter driving the
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selectable marker gene neomycin phosphotransferase 11 (nptll),
were used. Plasmid DNA was prepared using a Bresapure Plasmid
Maxi Kit according to the manufacturer’s instructions (Gene-
works).

Agrobacterium-mediated transformation and regeneration

Tobacco (Nicotiana. tabacum cv. Xanthi) plants were grown on
MS media (Murashige and Skoog 1962) and subcultured monthly.
Purified binary vectors (pBINSL1.1 to pBINS2.3, except
pBINS2.1) were used to transform Agrobacterium tumefaciens
LBA4404 by electroporation (Singh et al. 1993). The Agrobacteri-
um transformants were then inoculated into LB medium contain-
ing kanamycin (100 mg/l) and grown overnight at 28°C. This cul-
ture was used to transform tobacco leaf discs as described by
Horsch et al. (1988). Stably transformed tobacco plants were se-
lected by the inclusion of kanamycin (100 mg/l) in the media
Timentin (200 mg/l) was aso included to kill any residual Agro-
bacterium. Plantlets were regenerated as described by Horsch et
al. (1988).

Microprojectile bombardment and regeneration

The pGEM-GN vectors were introduced into tobacco callus and
banana embyrogenic cell suspensions using a particle inflow gun.
Target tissue was prepared essentially as described by Dugdale et
a. (1998). The preparation of microcarrier gold particles and coat-
ing of plasmid DNA were essentially as described by Becker et al.
(2000). For transient expression studies, tissues were assayed 48 h
post-bombardment. Transformed banana plants were selected and
regenerated essentially as described by Becker et al. (2000). All
plants were PCR-tested for incorporation of the S1 or S2 promot-
ersusing primers and the PCR conditions described previously.

Analysis of promoter strength

B-glucuronidase (GUS) activity was measured both histochemical-
ly and fluorometrically (Jefferson et al. 1987). For histochemical
GUS assays, tissue was incubated in buffer containing 100 mM
sodium phosphate (pH 7.0), 50 mM ascorbate and 1 mM 5-bromo-
4-chloro-3-indolyl-B-p-glucuronide (X-gluc). Samples were incu-
bated for up to 12 h and cleared with acetic acid:ethanol (3:1). For
the fluorometric GUS assays, total protein was extracted from leaf
tissue and GUS activity assayed spectrophotometrically using
4-methylumbelliferone as substrate.
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Results and discussion

To determine whether the BBTV-S1 and -S2 sequences
contained promoter activity, various fragments derived
from these components were fused to the uidA reporter
gene (Fig. 1) and tested for transient activity via micro-
projectile bombardment in both tobacco callus (NT-1)
and banana embryogenic cell suspensions. In NT-1 cells,
the S1- and S2-derived promoter fragments showed
varying levels of activity (Fig. 2). The S2.1 promoter
provided the highest level of transient GUS expression,
about 1.5- to 2-fold higher than that of the CaMV 35S
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Fig. 2 Transient activity of the S1 and S2 promoter truncations.
Six fragments from BBTV-S1 and -S2 were fused to the uidA re-
porter gene and introduced into tobacco NT-1 cells via micro-par-
ticle bombardment. GUS expression was assessed fluorimetrically
48 h post-bombardment. The CaMV 35S promoter was included
as a promoter comparison, and untransformed (UT) tobacco tissue
was included as a background control. Values are shown as mean
GUS activity (pmol MU/min per mg protein) from four replicates
+ the standard error

Fig. 3a- Histochemical local-
isation of GUS expression in
transgenic tobacco and banana
containing the BBTV-S1/S2-
derived promoter-uidA gene
fusions. GUS activity isindi-
cated by an indigo dye precipi-
tate after addition of the X-gluc
substrate. Pictures presented
arefrom S1.1, S1.2, S1.3, S2.2
and S2.2-ubil transgenic
plants. a S1.1 tobacco leaf sec-
tion, b S1.1 tobacco roots,

¢ S1.2 tobacco leaf section,

d S1.2 tobacco roots, e S1.3 to-
bacco roots, f S2.2 tobacco
roots, g S1.1 tobacco stigma,

h S1.1 tobacco pollen, i S1.1
tobacco sepals, j S1.1 banana
leaf, k S2.2 bananaroot, | S2.2-
ubil banana root

promoter (p35S-GN), whereas the S2.3 promoter showed
the weakest activity, just above that of the untransformed
control. The S1.1 and S1.2 promoters both showed simi-
lar levels of GUS expression, and these were equivalent
to the CaMV 35S promoter. The S1.3 and S2.2 promot-
ers provided lower levels of expression than CaMV 35S.
In banana embryogenic cells, GUS activity from the six
promoter-uidA fusions did not differ significantly from
that of untransformed tissue, whereas the CaMV 35S and
ubil promoters showed 20- to 100-fold greater expres-
sion levels than untransformed tissue, respectively (re-
sults not shown). Dugdale et al. (1998) reported similar
results with the BBTV DNA-1 to -6 promoters, which
were active in NT-1 cells but showed very little expres-
sion in banana embryogenic cells.

To analyse the activity and expression patterns of the
BBTV-S1 and -S2 promoters in transgenic plants, we
generated between five and ten stably transformed tobac-
co and banana lines for most constructs. All lines were
tested by PCR to confirm the presence of the promoter-
GUS cassette (results not shown). The S1.1 promoter
showed strong activity in the vascular tissue of both
leaves and roots of tobacco (Fig. 3a, b) and banana
(Fig. 3j). Expression was also found in the stigma, pollen
(Fig. 3g, h) and leaf trichomes of tobacco, in the vascular
tissue of the petals and sepals of tobacco flowers
(Fig. 3i) and in root meristems and trichomes of both to-
bacco (Fig. 3b) and banana. The smaller S1 promoters,
S1.2 and S1.3, showed relatively little or no expression
in tobacco leaf and root vascular tissue and meristems
(Fig. 3¢, d, €) and were undetectable in banana. The S2.1
promoter was not tested in tobacco, and no visible ex-
pression was detected in transgenic banana, athough
certain non-regenerable tissues were GUS-positive (re-
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Fig. 4 Comparison of promoter activity in stably transformed
transgenic banana. Fluorometric GUS assays of |leaves from five
lines of each of the S1, S2 and S1/2.2-ubil promoters. The ubil
promoter and intron (ubil) and untransformed (UT) banana were
included as controls. GUS activity is represented as pmol MU/min
per mg protein

sults not shown). The S2.2 promoter expressed in root
meristems and trichomes in both tobacco (Fig. 3f) and
banana (Fig. 3k) and in leaf trichomes and pollen of to-
bacco; expression in other vegetative tissues was either
weak or undetectable. The S2.3 promoter showed very
little expression, with the exception of one tobacco line
in which weak GUS expression was detected in root
trichomes. Inclusion of the ubil intron 5' of the GUS re-
porter gene in S1.2 and S2.2 enhanced expression in
both banana leaves and roots without appearing to alter
the spatial expression patterns (Fig. 3l). In leaves, ex-
pression remained strongest in the vascular tissue; how-
ever, tissue specificity in roots was difficult to determine
due to the high level of GUS expression. Fluorometric
GUS assays on banana leaf tissue taken from five lines
transformed with each of the BBTV-S1 and -S2 promoter
fragments showed that the samples generally had weak
expression that was not significantly different from un-
transformed tissue levels (Fig. 4). However, two lines of
S1.1 did have two- to three-fold greater expression than
untransformed tissue. The highest level of GUS expres-
sion was found for constructs enhanced with the maize
polyubiquitin intron, S1.2-ubil-GN and S2.2-ubil-GN,
both of which showed at least a 100-fold increase in ex-
pression over untransformed tissue and were equivalent
to the ubil promoter (Fig. 4).

The BBTV-S1 and -S2-derived promoters showed
strong expression in root meristems and trichomes of to-
bacco and banana and, in the stigma (S1.1 only) and pol-
len of tobacco flowers (Fig. 3b, d, f—, k). Interestingly,
promoters from BBTV DNA-6 (Dugdale et al. 1998),
CVMV (Verdaguer et a. 1996), RTBV (Yin and Beachy
1995) and CoYMV (Medberry et a. 1992; Torbert et al.
1998) also show high levels of expression in root
meristems (BBTV DNA-6, RTBV, CVMV), trichomes
(CVMV), stigma (RTBV) and pollen (RTBV, CoYMYV,
CVMYV). The reasons why these promoters are active in
such dissimilar tissues remain unknown.

The activity of the S1.1 promoter in the vascular tis-
sue of both tobacco and bananais consistent with the ex-
pression patterns observed for the other BBTV-derived
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promoters (Dugdale et al. 1998) as well as those of other
nanoviruses such as subterranean clover stunt virus
(Surin et al. 1996) and coconut foliar decay virus (Rohde
et al. 1995). Interestingly, S1.1 promoter expression was
detected in a greater range of tobacco and banana tissues
than any of the other smaller S1 derived-promoters, sug-
gesting that it may have enhanced activity. This is sup-
ported by the high expression of two S1.1 transgenic ba-
nana lines, leading to the hypothesis that the BBTV-S1
ORF region present in the S1.1 promoter may contain
cis-regulatory elements that contribute to activity. The
presence of such elements outside the intergenic region
has previously been reported in a number of plant DNA
viruses, including both CaMV (Benfey et al. 1989) and
tomato golden mosaic virus (Sunter and Bisaro 1997).
However, transient assays in tobacco callus has failed to
support this, suggesting that any enhanced S1.1 activity
may be limited to certain cell types or tissues such as
vascular tissue.

In conclusion, the activity of the BBTV-S1 and -S2-
derived promoters described in this report may make
them useful for tissue-specific transgene expression in
both monocots and dicots. Furthermore, in monocots the
level of expression can be altered by the addition of het-
erologous introns.
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