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Geminiviruses package circular single-stranded DNA and replicate in the nucleus via a double-stranded
intermediate. This intermediate also serves as a template for bidirectional transcription by polymerase II.
Here, we map promoters and transcripts and characterize regulatory proteins of Mungbean yellow mosaic virus-
Vigna (MYMV), a bipartite geminivirus in the genus Begomovirus. The following new features, which might also
apply to other begomoviruses, were revealed in MYMV. The leftward and rightward promoters on DNA-B share
the transcription activator AC2-responsive region, which does not overlap the common region that is nearly
identical in the two DNA components. The transcription unit for BC1 (movement protein) includes a con-
served, leader-based intron. Besides negative-feedback regulation of its own leftward promoter on DNA-A, the
replication protein AC1, in cooperation with AC2, synergistically transactivates the rightward promoter, which
drives a dicistronic transcription unit for the coat protein AV1. AC2 and the replication enhancer AC3 are
expressed from one dicistronic transcript driven by a strong promoter mapped within the upstream AC1 gene.
Early and constitutive expression of AC2 is consistent with its essential dual function as an activator of viral
transcription and a suppressor of silencing.

The family Geminiviridae comprises small circular single-
stranded DNA viruses that cause severe diseases in major crop
plants worldwide. On the basis of genome organization, host
range, and type of insect vector, the family is divided into four
genera: Mastrevirus, Curtovirus, Topocuvirus, and Begomovirus
(42). Members of the largest genus, Begomovirus (10), infect
primarily dicotyledonous plants and are transmitted by the
whitefly Bemisia tabaci. Many begomoviruses have a bipartite
genome, with a DNA-A component encoding all the protein
functions necessary for virus replication in a single cell while
the DNA-B component provides movement functions required
for systemic spread.

Transcription regulation in begomoviruses has been exten-
sively studied in both transgenic plants (13, 19, 23, 40, 48, 60)
and protoplast systems (8, 9, 13, 16, 17, 24, 46, 47, 49, 51, 52, 53,
60). Transcription start and poly(A) sites on both DNA-A and
-B have been partially or completely mapped for African cas-
sava mosaic virus (ACMV) (54), Tomato golden mosaic virus
(TGMV) (19, 36, 45, 50), Abutilon mosaic virus (AbMV) (14),
and the monopartite Tomato leaf curl virus (TLCV) (34). How-
ever, major gaps in our understanding of the structural orga-
nization of begomovirus promoters and transcription units,
and of the regulation of transcription by viral proteins, remain.
Bidirectional promoters have been identified in the intergenic
regions (IGR) of DNA-A and DNA-B, which share a common

region (CR) of about 160 to 200 bp. The CR includes all cis-
acting elements required for DNA replication and a core pro-
moter driving leftward transcription of the AC1 gene encoding
the replication-associated protein (Rep) (reviewed in reference
20). AC1 also functions as a negative-feedback regulator of tran-
scription from its own promoter (16, 17, 24, 51) by binding to
iterative sequences (iterons) located within the CR between the
TATA box and the AC1 transcription start site (9, 11, 12). Much
less understood is the expression mechanism of the downstream
leftward genes AC2 (encoding the transcriptional activator pro-
tein [TrAP], also involved in suppression of silencing) and AC3
(encoding the replication enhancer [REn]), especially the regu-
latory role of CR-based transcription elements.

Begomovirus AC2 is a viral transcription factor that trans-
activates the late viral genes AV1 (encoding coat protein [CP])
and BV1 (encoding nuclear shuttle protein [NSP]) on DNA-A
and DNA-B, respectively (17, 47). We have recently shown
that Mungbean yellow mosaic virus-Vigna (MYMV-Vig; re-
ferred to below as MYMV) AC2 and its ACMV homolog also
transactivate several plant genes (55). The molecular mecha-
nism of transactivation remains unknown, and attempts to
identify a single cis element conserved in all AC2-responsive
promoters have met with little success (2, 40, 49). In MYMV,
ACMV, and other Old World begomoviruses, the AV1 gene is
overlapped at the 5� end by an open reading frame (ORF) of
unknown function (AV2), and the mechanism of transcription
and translation of these overlapping genes is not understood.
Likewise, a mechanism for expression (if any) of the AC4 ORF
embedded within the AC1 gene is not known. Finally, in DNA-
B, the bidirectional promoter elements and the transcription
start site in the leftward direction have not been mapped un-
ambiguously (14, 17, 45, 54, 60). In this work we have attempt-
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ed to address these and other unresolved issues to draw a more
complete picture of the begomovirus “transcriptome” and its
regulation both in cis and in trans.

MYMV is a bipartite begomovirus isolated from infected
blackgram (Vigna mungo L. Hepper) in Tamil Nadu, India
(57). Interestingly, this virus has a highly variable DNA-B
component, with MYMV DNA-A supporting replication of
any one of five distinct DNA-B species (27). In agroinoculation
experiments, symptom severity depended on the B-component
used (3, 27). Here, we map transcripts of MYMV comprising
DNA-A and one of the DNA-B variants (KA22) (Fig. 1) from
agroinfected blackgram plants. Potential promoters, transcrip-
tion units, and regulatory proteins of this virus were charac-
terized in a Nicotiana plumbaginifolia leaf protoplast transient
expression system.

MATERIALS AND METHODS

Virus and plant infection. Blackgram [Vigna mungo (L.) Hepper] plants were
infected with MYMV by agroinoculation of germinating seeds as described
previously (26). A single Agrobacterium tumefaciens strain Ach5 harboring two
compatible replicons with the partial tandem repeats of MYMV DNA-A
(AJ132575) and DNA-B (AJ132574) was used, which gives 100% infection effi-
ciency (26). The plants were grown in a phyto-chamber (Sanyo, Osaka, Japan)
with a light and dark cycle of 16 and 8 h, respectively, at 25°C.

RNA extraction and cRT-PCR. Total RNA was extracted from young (upper-
most) symptomatic trifoliate leaves of infected blackgram plants about 3 to 4
weeks postinoculation, using a Trizol reagent (Gibco-BRL, Scotland) followed
by further purification with an RNeasy Plant minikit (QIAGEN, Hilden, Ger-
many) as recommended by the manufacturers. A circularization-reverse tran-
scription–PCR (cRT-PCR) method (6) was applied to coamplify 5� and 3� ter-
mini of all potential viral transcripts. First, 5�-capped RNA was decapped by
incubating 10 �g of total RNA with 10 U of tobacco acid pyrophosphatase
(Epicentre Technologies, Madison, WI) and 20 U of the RNase inhibitor RNasin

(Promega) in a total volume of 20 �l buffer (50 mM sodium acetate [pH 6.0], 1
mM EDTA, 0.01% Triton X-100, 0.1% �-mercaptoethanol) for 1 h at 37°C.
RNA circularization was performed by diluting the 20-�l sample of decapped
RNA to 400 �l with 1� T4 RNA ligase buffer (50 mM Tris-HCl [pH 7.5], 10 mM
MgCl2, 20 mM dithiothreitol [DTT], 100 �M ATP, 100 �g/ml acetylated bovine
serum albumin) and incubating with 20 U of T4 RNA ligase (NEB) and 40 U of
RNasin (Promega) for 16 h at 16°C. After extraction with phenol-chloroform–
isoamyl alcohol (25:24:1), RNA was precipitated with ethanol. Reverse transcrip-
tion was performed as follows. The RNA pellets after ligation were dissolved in
22 �l sterile bidistilled water, mixed with 2 �l of 10-pmol/�l RT primer (primer
sequences given in Fig. 4 to 6), incubated at 70°C for 10 min, and chilled on ice
for 5 min. The sample was split in two, and each 12-�l portion was added to a
4-�l mixture of 5� first-strand synthesis buffer (250 mM Tris-HCl [pH 8.3], 375
mM KCl, 15 mM MgCl2, 0.1 M DTT), 2 �l 0.1 M DTT, and 1 �l 10 mM
deoxynucleoside triphosphate mix, incubated at 42°C for 2 min, and then further
incubated at 42°C for 50 min with either 1 �l of 200-U/�l SuperScriptII RNase
H� reverse transcriptase (Gibco BRL) or 1 �l of sterile water (as a control).
PCR amplification with a pair of 5� and 3� primers specific for each transcription
unit (indicated in Fig. 4 to 6) was performed in 100 �l 1� PCR buffer with 2 U
of Taq DNA polymerase (NEB) and 1/20 of the reverse transcription reaction
mixture as a template for 40 cycles (each cycle consisting of 30 s at 95°C, 30 s at
52°C, and 45 s at 72°C). Amplification products were analyzed by 1.5% agarose
gel electrophoresis. The region corresponding to amplified cDNA, which usually
appeared as a diffuse band or a smear due to the varying length of poly(A)
stretches, was excised from the gel and cloned.

Cloning and sequencing of cRT-PCR products. PCR products were purified
using a gel extraction kit (QIAGEN), trimmed with XhoI and SphI (or EcoRI,
in the case of the BC1 transcription unit, which contains a unique SphI site at
position 2401; besides the latter, there are no other SphI or XhoI sites in DNA-A
or -B of MYMV), and cloned into XhoI and SphI (or EcoRI) sites of pKSXAHA

(38). Sequencing of individual clones with primer #1 (5�-GTG GAT TGA TGT
GAT ATC TCC ACT G-3�), which reads from upstream of the XhoI site of the
vector, was performed using an automatic sequencer (ABI model 377). The
sequence runs representing all the transcription units mapped here are shown in
Fig. S1 and S2 in the supplemental material.

Plasmid constructs. Promoter segments of the MYMV genome (DNA-A,
AJ132575; DNA-B, AJ132574) were subcloned by PCR into the Ampr plasmid

FIG. 1. Genome and transcriptome of MYMV. The MYMV bipartite genome comprises two components, DNA-A and DNA-B (variant KA22)
(gray circles), of 2,728 and 2,660 nt, respectively, which share a CR containing an invariant nonanucleotide (boxed) with a nick site (indicated
between t and a; the numbering starts from the latter nucleotide). Rightward- and leftward-oriented ORFs, encoded on the viral and comple-
mentary stands, respectively, are shown as thick arrows with the names of their products. The major transcription units mapped in this work are
depicted as thin arrows, with positions of the major transcription start sites and poly(A) sites indicated. The minor DNA-B transcript is shown by
a dotted line and the intron found in the major BC1 transcript by a dashed line.
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pKSXAHA (38) in place of the region comprising the Cauliflower mosaic virus
(CaMV) 35S promoter and S1 leader, between AflIII and NcoI sites. In the
resulting constructs, the MYMV promoter region up to the first ATG codon of
the viral ORF is fused directly (i.e., through the NcoI site containing the ATG)
to a chloramphenicol acetyltransferase (CAT) reporter coding sequence, fol-
lowed by the CaMV terminator. In all the promoter constructs, the initiation
context of the ATG start codon is optimal (29), i.e., with a purine at position �3
and a guanosine at position �4, with respect to the first nucleotide of the ATG
[(A/G) (C/A) C ATG G] (see Table S1 in the supplemental material).

At the 5� borders of most bidirectional promoter segments, the vector AflIII
site (not restored due to the blunt-end ligation) is adjacent to an EcoRI site
followed by the viral sequence (ACATGAATTCn. . . [EcoRI site underlined; n,
viral nucleotide]) from the following genome positions (corresponding to “n”):
A-2613, for constructs AC1–AV2 and AC1–AV1; A-2464, for AC4–AV2 and
AC4–AV1; A-128, for AV2–AC1 and AV2–AC4; A-300, for AV1–AC1 and
AV1–AC4; B-2119, for BC1–BV1 and BC1[-CR]BV1; and B-417, for BV1–BC1
and BV1[-CR]BC1. A precise deletion of the most conserved 134-bp sequence of
the CR from the CAT constructs BC1–BV1 and BV1–BC1 was performed by
PCR ligation, creating a new unique AflIII site at the junction (t2551-ACATG-
t26 [the new site is underlined]), thus yielding BC1[-CR]BV1 and BV1[-CR]BC1.
The AflIII-NcoI fragments of the latter two constructs were subcloned into the
original vector pKSXAHA, yielding BV1short and BC1short, respectively. AC2::
CAT and AC3::CAT fusion constructs were created by cloning the correspond-
ing regions (amplified with PCR and trimmed with AflIII [the sites imbedded in
both PCR primers]) into the AflIII and NcoI sites of pKSXAHA (for the resulting
ATG contexts, see Table S1 in the supplemental material). The 5� borders of the
resulting AC2 promoter versions, adjacent to the restored AflIII site (ATATGT)
of the vector, correspond to the following genome positions: A-298, for con-
structs AV1–AC2 and AV1–AC3; A-2607, for AC2[-IGR] and AC3[-IGR]; and
A-1978, for AC2short and AC3short. A point mutation of the AC2 start codon
(ATG to TAG) was introduced into construct AC3short by PCR ligation, yield-
ing AC3short[–AC2atg].

The coding regions of the AC1, AC2, and AV1 genes (DNA-A positions 2611
to 1523, 1623 to 1216, and 301 to 1074, respectively) and the BC1 and BV1 genes
(DNA-B positions 2117 to 1221 and 419 to 1189, respectively) were introduced
by PCR between the XhoI and SphI sites of pKSXAHA in place of the CAT
reporter, yielding p35SAC1, p35SAC2, p35SAV1, p35SBC1, and p35SBV1, re-
spectively. The following pairs of primers were used: for AC1, 5�AAAACCTC
GAGaaaatatgcctagactcggtcg (XhoI and start codon underlined; viral nucleotides
in lower case) and 5�ACCCAGCATGCaaatcaattcgagagcgtcgaattgctc (SphI and
stop codon underlined); for AC2, 5�TTGTGCTCGAGaaagaatgcggaattctacaccctc
and 5�ATTTAGCATGCtcactaaaagtcgataatatcatcccag; for AV1, 5�TTACGCTC
GAGgaaacatgccaaagcggaattacg and 5�CAATAGCATGCttattaatttgaaatcgaatc;
for BC1, 5�ACACACTCGAGgaataatggagaattattcagg and 5�ATAAAGCATGC
gtgttacaacgctttgttcac; and for BV1, 5�GTTTTCTCGAGtgAaaatgtttaaccgcaatta
tcgc and 5�TATTCGCATGCattttatcccacgtatttcaattc.

Note that the MYMV sequence used in this study was found to differ at two
sites from the GenBank-deposited DNA-A (AJ132575; the stretch 1981-gcgcga
gct-1990 is replaced by 1981-gCcgcgagcGGt-1993—an insertion of 3 nucleotides
[nt]) and DNA-B (AJ132574; 2191-tacgcgagcg-2200 is replaced by 2191-taGgcC
GCGCagcg-2204—an insertion of 4 nt and substitutions at two positions) se-
quences. These two differences were confirmed by sequencing of the original
infectious clone and, for DNA-B, also of cDNA from infected plants. All
genomic positions in this paper refer to the corrected complete sequences of
DNA-A and DNA-B.

Transient expression in plant protoplasts. Protoplasts from leaf tissue of
Nicotiana plumbaginifolia plants were prepared as described previously (15). A
300-�l aliquot of protoplasts (6 � 105) was transfected with up to 30 �l plasmid
DNA (in sterile bidistilled water containing 10 �g CAT plasmid, 10 �g viral
protein expression plasmid [e.g., AC2, AC1, or AC1 plus AC2], and 2 �g 35S–
�-glucuronidase [GUS] plasmid as an internal control of transfection efficiency)
by polyethylene glycol-mediated transfection as described previously (15, 55).
Following incubation for 19 to 24 h at 28°C in the dark, protoplasts were
harvested, and protein extracts were prepared and assayed for CAT and GUS
activity as described previously (55). Relative GUS activities were taken for
normalization of CAT expression levels. For each construct, the values given are
the means of at least four independent batches of protoplasts. Deviations from
the mean values did not exceed 30%. The statistical significances of changes in
expression in response to the regulatory proteins were validated by Student’s
t test (data not shown).

Northern blot hybridization. For Northern blot analysis, two parts of the
MYMV-infected blackgram seedlings, which contained the first unopened and
not fully opened leaf buds, up to 1.5 cm (sample 2), and the first fully opened

trifoliate leaves, about 3 cm (sample 3), as well as a control sample of the up-
permost, healthy blackgram leaves (sample 1), were taken. Total RNA was iso-
lated from 0.5 g tissue by the Trizol method, as described above for cRT-PCR.
One hundred micrograms of total RNA was treated with RNase-free DNase I
(Amersham), as recommended by the manufacturer, then purified twice with
phenol-chloroform (1:1), precipitated with ethanol, and dissolved in 70 �l diethyl
pyrocarbonate-treated water. RNA blot hybridization was performed as de-
scribed previously (35). Briefly, 10 �g total RNA was separated in a 1.5% agarose
gel with 1.1% formaldehyde, transferred to a nylon membrane (Hybond N�;
Roche), and UV cross-linked. As probes, the viral DNA fragments (DNA-A po-
sitions 1446 to 2725, AC1 probe; 1194 to 1671, AC2; 147 to 1103, AV1; and DNA-
B positions 415 to 1192, BV1; 1218 to 2122, BC1) containing the respective full-
length viral genes were labeled with [�-32P]dCTP (Board of Radiation and Iso-
tope Technology, Government of India) by random primers using a Megaprime
TM labeling kit (Amersham). Hybridization was performed at 42°C for 20 h.
Following stringent washing, the membranes were exposed to Kodak films at �70°C
for 16 h (for the AC1 probe) or 8 h (for the AC2, AV1, BV1, and BC1 probes).

RESULTS

The bidirectional promoters of MYMV and their regulation.
To investigate regulation of the bidirectional transcription con-
trolled by the IGR of MYMV DNA-A and DNA-B, CAT
reporter fusions were constructed with both orientations of
several IGR versions spanning the sequences between the first
AUG start codons of the individual leftward- and rightward-
oriented ORFs (Fig. 2). Expression from these constructs was
assayed in a transient expression system based on protoplasts
from N. plumbaginifolia leaves. A plasmid constitutively ex-
pressing the GUS reporter gene was routinely cotransfected to
serve as an internal standard to monitor transfection efficiency
and to normalize CAT expression levels. Note that, in our ex-
perimental system, plasmid DNA carrying a viral promoter
region, when delivered into the plant protoplast nucleus, mim-
ics the viral circular double-stranded DNA that serves as a
template for bidirectional transcription in naturally infected
plant cell nuclei. With the exception of negligible expression
from the BV1 start codon, all the constructs drove low levels of
CAT expression (Fig. 2, open bars), ranging from 0.2 to 1.5%
of that driven by the strong constitutive CaMV 35S promoter,
with basal leftward expression from the AC1 start codon being
the highest (1.4 to 1.5% [Fig. 2]).

In other begomoviruses, the AC2 protein acts as a transcrip-
tion activator of late viral genes, i.e., rightward genes from
DNA-A and all genes from DNA-B (13, 17, 47). Consistently,
coexpression of MYMV AC2 from a separate plasmid dramat-
ically activated expression of CAT fused to the start codons of
the AV2, AV1, BC1, and BV1 genes (15- to 300-fold) (Fig. 2,
black bars), thus achieving up to 33.1% (BV1) of the level of
the 35S promoter, which itself was not significantly affected
by AC2. Somewhat less expectedly, leftward expression from
DNA-A was also increased, albeit less dramatically (two- to
fourfold).

Similar patterns of basal expression and AC2-mediated
transactivation were also observed when the MYMV DNA-A
and DNA-B promoters were fused to a firefly luciferase re-
porter and tested in both N. plumbaginifolia and Orychophrag-
mus violaceus protoplasts (data not shown).

Even in the presence of AC2, CAT expression from the AC4
start codon was very low. These low levels might be explained
by inefficient leaky scanning translation from the AC1 mRNA
(see below). However, we cannot exclude that a sequence
downstream of the AC4 start codon (not included in our con-
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structs) may contribute to AC4 expression in the normal viral
context.

In DNA-A, the core promoter driving leftward transcription
is located within the region common to both MYMV DNAs
(CR). To test the contribution of the CR to the bidirectional
promoter activity in DNA-B, a 134-bp noncoding portion of
the 167-bp DNA-B CR, which has only one mismatch to the

corresponding sequence of DNA-A and contains a consensus
TATA box, was deleted from the 962-bp DNA-B IGR segment
tested above. Only a slight reduction of rightward expression
from the BV1 start codon in the presence of AC2 was ob-
served, and its basal level remained below reliable detection
(�0.1% of the 35S promoter [Fig. 2]), while leftward expres-
sion was elevated slightly at the basal level and more pro-

FIG. 2. Mapping of the bidirectional promoters in the intergenic regions of MYMV DNA-A and DNA-B. Schematic representations of
DNA-A (top) and DNA-B (bottom) IGR-containing sequences. Rightward- and leftward-oriented ORFs (gray outlined boxes, or black boxes for
sORFs), the CR with the invariant nonanucleotide (boxed), the major transcription start sites (bent arrows), and the corresponding transcripts
(thick lines) are depicted and their genomic positions indicated. For DNA-B, the minor transcript (see also Fig. S2, panel C, in the supplemental
material) is indicated by a dotted line, with the start site shown by a small bent arrow. The intron in the major transcript is indicated, with
arrowheads indicating the positions of the splice sites. The promoter segments fused to a CAT reporter in both orientations and tested in
N. plumbaginifolia protoplasts are shown below each scheme (names of constructs and flanking nucleotide positions as indicated), and the CAT
expression levels (mean values) obtained in the absence of regulatory proteins and in the presence of AC2 or (in the case of AC1–AV2 and
AC1–AV1) AC2 plus AC1 proteins are given relative to a 35S-CAT control. Note that background expression in mock-transfected protoplasts,
subtracted prior to calculation of the relative CAT levels, did not exceed 0.2% of the 35S-CAT control.
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nouncedly at the AC2-mediated level (Fig. 2). These results
show that the BC1 and BV1 promoters and AC2-responsive
elements of DNA-B are located outside of the CR. To further
map the DNA-B promoters, shorter segments from each AUG
start codon to the CR border were tested. Although the basal
level of expression driven by BC1short did not change, its re-
sponse to AC2 dropped dramatically (Fig. 2). In contrast,
BV1short was even more strongly induced by AC2 than the
longer version, although its basal activity was unchanged.
These results suggest that the main AC2-responsive element
on DNA-B is shared between the leftward and rightward
promoters and is located within a 390-bp noncoding region
between CR and the BV1 ORF.

The begomovirus AC1 protein has been shown to repress
transcription driven by its own promoter (9, 13, 16, 17, 24, 51).
Consistent with this, expression of MYMV AC1 from a sepa-
rate plasmid driven by the 35S promoter led to a fivefold
decrease in leftward expression from both AC1–AV2 and
AC1–AV1 promoter segments, while basal rightward expres-
sion was unaffected (data not shown). When both AC1 and
AC2 proteins were coexpressed from the corresponding plas-
mids in a 1:1 ratio, leftward expression decreased about three-
fold for both promoter segments (Fig. 2, DNA-A, gray bars),
indicating that AC2 is unable to alleviate the repressive effect
of AC1. Strikingly, rightward expression from both the AV2
and AV1 start codons was synergistically enhanced by the
combination of AC2 and AC1 (Fig. 2, DNA-A).

An additional, monodirectional MYMV promoter. A 1,407-
bp segment of MYMV DNA-A spanning the sequences from
AV1 to the AC2 start codon was fused to the CAT reporter
and tested for promoter activity in the protoplast system. The

resulting basal CAT expression level was twice that of the AC1
promoter and could be further transactivated by AC2 (4.6-
fold), thus reaching 14.1% of the control 35S promoter activity
(Fig. 3). To test the effect of extra viral sequences on expres-
sion in the rightward direction, the CAT reporter was also
fused to the AV1 start codon. In this case, both basal and
AC2-mediated expression levels were proportionally increased
(Fig. 3) compared to the shorter versions of the rightward
promoter (AC1–AV1 and AC4–AV1 [Fig. 2]). This suggests
that an additional enhancer element contributing to rightward
transcription is located between the AC2 and AC4 start co-
dons. An alternative interpretation would be that the C-termi-
nally truncated AC1 protein, which can potentially be ex-
pressed from this construct, may exert a positive effect on the
rightward promoter, as was observed above for full-length AC1
expressed from a separate construct. However, as this trun-
cated protein is driven by the weak AC1 promoter, it may not
accumulate to sufficient levels in our transient system.

To test the significance of IGR-based promoter elements for
AC2 expression, the entire IGR or a larger fragment was de-
leted (yielding AC2[-IGR] and AC2short, respectively). Both
these deletions resulted in a roughly twofold increase in basal
expression (Fig. 3), showing that the remaining sequences up-
stream of the AC2 start codon include an autonomous pro-
moter. Notably, both longer and shorter versions of the AC2
promoter were transactivated by AC2. Taken together these
results reveal a strong promoter, which can be significantly
up-regulated by AC2, within a 346-bp region upstream of the
AC2 start codon.

To investigate the AC3 expression strategy, we extended the
three versions of the AC2 promoter up to the AC3 start codon

FIG. 3. Mapping of the monodirectional promoter driving the AC2/3 transcription unit. A portion of MYMV DNA-A is represented
schematically. The promoter segments tested in N. plumbaginifolia protoplasts are shown below the scheme, and the relative expression levels in
the leftward and rightward directions are indicated. Annotation are as in Fig. 2.
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and fused them to the CAT reporter. All three AC3::CAT
constructs yielded expression levels three- to sixfold lower than
the corresponding AC2::CAT fusions, both in the absence and
in the presence of AC2 protein (Fig. 3). This proportional de-
crease indicates that AC3 expression is coupled to AC2 ex-
pression, such that the former always represents an almost
constant fraction of the latter. This implies leaky scanning
translation (reviewed in reference 29), in which a certain frac-
tion of scanning ribosomes bypass the AC2 start codon with its
suboptimal (AGAAUGC) context and initiate translation at the
downstream AC3 AUG start codon with its optimal (ACUA
UGG) context (the region between the two start codons has no
additional AUG). To test this assumption, we mutated the
AC2 AUG start codon to UAG (stop codon) in the construct
AC3short. The model would predict that ribosomes that nor-
mally initiate at the AC2 AUG should now migrate further
downstream and contribute to AC3 translation. In good agree-
ment with this prediction, the mutation resulted in an increase
of AC3 expression from 2.4% to 11.3% of the control, which is
close to the combined levels for the nonmutated AC3short and
AC2short constructs (8.4%) (Fig. 3). Moreover, like other ver-
sions of AC2 and AC3 fusions, the mutated AC3short con-
struct was also transactivated by AC2 (	2.5-fold [Fig. 3]).
Taken together, the AC2short-promoter appears to drive ex-
pression of both AC2 and AC3, and no significant separate
AC3-specific promoter activity is required.

Mapping of transcription start sites. To corroborate the
above results, we precisely mapped the viral transcripts har-
vested from the youngest leaves of MYMV-infected blackgram
plants using the cRT-PCR method (6). cRT-PCR allows simul-
taneous mapping of both the transcription start site (cap site)
and the polyadenylation site of a given mRNA due to its
preferential intramolecular ligation following a decapping
step (see Materials and Methods). Authentic viral mRNA
sequences amplified by this method usually contained adenine
runs of different lengths (up to 75 nt) at the junction between
cap and poly(A) sites (see Fig. S1 and S2 in the supplemental
material). The MYMV sequence annotated with the primers
used, the TATA and CAAT boxes, major and minor transcrip-
tion start sites, polyadenylation sites, and splice signals are
shown in Fig. 4 to 6. Note that, for each transcription unit, 22
to 41 individual positive clones obtained from at least two
independent RNA samples were sequenced (see the statistics
in Tables S2 and S3 in the supplemental material).

Criteria for “good mRNAs” should be that (i) cRT-PCR
yields cDNA fragments with poly(A) stretches, (ii) a cap site is
located approximately 31 to 35 nt downstream from a TATA
box, and (iii) similar clones are clustered. Fragments adhering
to these criteria were obtained for all the major transcription
units analyzed (coordinates of sites indicated in the maps in

Fig. 2 and 3). However, the yield of high-quality transcripts
varied from unit to unit. Generally, high-quality transcripts
were more abundant (	50%) for the rightward units AV2/1
and BV1 and the AC2/3 unit and less abundant (10 to 25%) for
the leftward units AC1/4 and BC1 (see Table S2 in the sup-
plemental material). This might indicate that the latter tran-
scripts are less stable. Interestingly, while mapping the AC1
transcript, we found many nonpolyadenylated sequences start-
ing upstream of the TATA box (Fig. 4, small arrows). One such
upstream start was also found for the rightward AV2/1 tran-
scription unit (Fig. 4). Such RNA sequences may represent
breakdown products of readthrough transcription on the cir-
cular viral DNA. A pair of such sense and antisense transcripts
could lead to formation of the double-stranded RNA that
triggers RNA silencing and generation of viral small interfer-
ing RNAs (siRNAs). Indeed, we have detected such siRNAs
derived from the MYMV promoter region (P. V. Shivaprasad,
R. Akbergenov, and M. M. Pooggin, unpublished). Virus-de-
rived siRNA accumulation during normal infection has also
been reported for other begomoviruses (4, 31).

The major rightward transcription initiation events on DNA-
A were mapped to positions A137 and A141, 31 and 35 nucle-
otides downstream from a consensus TATA box (TATAAA)
(Fig. 4). These events might generate two distinct mRNAs,
both of which could be used for translation of the AV1 ORF
(starting from A301) but only the first for translation of the
AV2 ORF (starting from A141), since the shorter species
would lack the necessary leader required for translation of
AV2 (see Discussion).

For the leftward AC1 transcription unit, a single major start
site was detected at position 2649, at a proper distance from a
consensus TATA box (Fig. 4). Because of only very low levels
of CAT expression from the AC4 start codon, we did not at-
tempt to map a separate AC4 transcription unit. Moreover, the
AC1 transcript originating from the major leftward site could
serve as a dicistronic mRNA for both the AC1 and AC4 pro-
teins.

Using AC3 ORF-specific primers for cRT-PCR, two major
closely located transcription start sites were mapped 23 and 26
nt upstream of the AC2 start codon and at an optimal distance
from a consensus TATA box located further upstream (Fig. 4).
This confirms the finding of an autonomous AC2 promoter
discussed above. In addition, two minor clones associated with
poly(A) stretches were found between the AC2 and AC3 ATG
codons (Fig. 4). We cannot distinguish whether the latter are
derived from breakdown products or represent true minor ini-
tiation sites. In any case, those two sites would not be properly
spaced downstream of the consensus TATA box. As described
above, AC3 is most likely expressed as a second cistron from

FIG. 4. Mapping of the DNA-A transcription start sites. A portion of MYMV DNA-A is represented schematically, with the major transcrip-
tion start sites (thick bent arrows) and corresponding transcripts (capped lines) depicted together with their genomic positions. The nucleotide
sequence below is that of the viral and complementary strands encoding the rightward (AV2 and AV1) and leftward (AC1, AC4, AC2, AC3) ORFs,
respectively; start and stop codons of the long and short ORFs are indicated by bent arrows with double arrowheads. Small vertical arrows above
the viral strand and below the complementary strand indicate 5� termini of cDNA sequences amplified by cRT-PCR (the respective RT- and
ORF-specific 5� primers used are indicated on the sequence by long, thin horizontal arrows). The number of clones determining each major start
site and those associated with poly(A) stretches are given in boxes. The CR nucleotides identical in DNA-A and DNA-B are highlighted (gray
background), and the three 11-nt iterons are shown by arrows between the strands. The nucleotide numbering of the circular viral genome begins
with and ends at the nick site on the invariant nonanucleotide (boldfaced and underlined) in the CR.
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the major transcription unit driven by the strong AC2 pro-
moter.

The two major BV1 transcription start sites were mapped to
A410 and A414 (Fig. 5), at an optimal distance from a con-
sensus TATA box and a few bases upstream of the BV1 AUG
start codon (at A419). Interestingly, the latter is preceded by
another AUG, which creates a short ORF (sORF) (hereafter
called BV2) overlapping the BV1 ORF; the first nucleotide of
BV2 (A410) coincides with the second major transcription
start site (Fig. 5). A similar overlapping sORF occurs in most
isolates of MYMV, in the closely related Mungbean yellow
mosaic India virus (MYMIV), and in some other, though not
all, begomoviruses (not shown). This is strikingly reminiscent
of the above-described finding that the AV2 AUG coincides
with the second rightward transcription start site on DNA-A
(Fig. 4). As suggested above, a short leader should allow ribo-
somes to bypass the first AUG (of sORF BV2) and reach the
authentic BV1 start codon.

Consistent with the promoter analysis, the major BC1 tran-
scription start site was detected at position 2359, about 200 bp
from the CR (Fig. 5). At an optimal distance of 33 bp upstream
of this site, a nonconsensus TATA box, TATTTAAA, was
identified using PLACE Web Signal Scan (21; www.dna.affrc
.go.jp/htdocs/PLACE). This TATA box is preceded by a con-
sensus CAAT box at position �56. In several, but not all, BC1
clones, including those with and without poly(A) tails, a se-
quence of 123 nt between positions 2146 and 2270 was missing
(see Fig. 5; also see Fig. S2, panel B, in the supplemental
material). These results suggest that the BC1 transcript exists
in spliced and unspliced forms. Inspection of this region of the
MYMV sequence revealed all the characteristic features of a
canonical plant intron (30, 44), namely, (i) a consensus 5�
splice site (AG/GU [the more conserved dinucleotide is bold-
faced]), (ii) a U-rich sequence (41%), and (iii) a consensus 3�
splice site (CAG/G [the invariant dinucleotide is boldfaced).
The entire 123-nt intron is located within the region between
the transcription start site (at nt 2359) and the BC1 AUG start
codon (at nt 2117) and contains an sORF of 7 codons (here
called sORF3, the last of the three sORFs on the complemen-
tary strand between the CR and BC1 ORF [see Fig. 5]).

Sequence alignment of the DNA-B components of five iso-
lates of MYMV-Vig, a distinct strain of MYMV (32), five
isolates of the closely related MYMIV, and also Horsegram
yellow mosaic virus (HYMV) showed that features of both the
BC1 promoter and the intron-containing transcription unit are
conserved with only a few minor deviations (see Fig. S3 in the
supplemental material). Furthermore, in all seven isolates of
ACMV, a consensus intron of 239 nt was recognized 40 nt
upstream of the BC1 ORF. This intron conservation allowed
us to predict a transcription start site preceded by a consensus
TATA box for the BC1 transcription unit in ACMV (see Fig.
S3 in the supplemental material).

Mapping of poly(A) sites. cRT-PCR also reveals details of
RNA processing and polyadenylation (Fig. 6; see also Table S3

in the supplemental material). The poly(A) stretches identified
here ranged in length from 4 to 75 nt. For DNA-A rightward
transcription, one major poly(A) site at position 1095 was
detected, pre-mRNA cleavage in this case having occurred ei-
ther just upstream or downstream of A1095. This site is located
downstream of the AV1 stop codon and at a proper distance of
21/22 nt downstream of the first A (at position 1073) of the
consensus poly(A) signal (AAUAAA) that overlaps the double
translational stop codon (UAAUAAA). In addition, we found
minor poly(A) sites both just upstream and downstream of the
major site (Fig. 6).

For the leftward transcription of both the AC1/4 and AC2/3
units, one common major poly(A) site was identified at posi-
tion 1066, confirming that both AC1 and AC2 promoter-driven
transcripts are 3� coterminal. Here also, minor poly(A) sites
were found both upstream and downstream of the major site
(Fig. 6). The major leftward poly(A) site is located 5 nt down-
stream of the AC3 ORF and 21/22 nt downstream of a near-
consensus poly(A) signal (AAUACA). Interestingly, the con-
verging rightward and leftward transcription units have their
RNA processing signals within their short terminal overlap
region of 29 bp (Fig. 6). This is similar to other begomoviruses
and reflects the compactness of coding and regulatory infor-
mation in the viral genome.

3�-end processing of the BV1 transcript was found to be very
imprecise (Fig. 6). A total of 12 poly(A) sites were mapped
downstream of the BV1 ORF (from position A1191 to G1287),
only 2 of which were represented by more than one clone:
G1287 (2 clones) and A1223 (3 clones). The latter is located 22
nucleotides downstream of a near-consensus poly(A) signal
(AAUAUA). In contrast, a consensus poly(A) signal adjacent
to the BV1 stop codon (UAAAAUAAA) did not direct any
detectable cleavage at an optimal distance downstream of it.

For the BC1 transcription unit, only three clones associated
with poly(A) stretches were identified, which did not allow
us to define any major poly(A) site. One poly(A) site for the
spliced transcript driven by the major BC1 promoter maps
to position 1196, 15 nucleotides downstream of a consensus
poly(A) signal (Fig. 6). However, another poly(A) site is lo-
cated at position 1233, i.e., in front of the BC1 stop codon (at
position 1221). 3� untranslated regions of several nonpolyade-
nylated spliced or unspliced transcripts terminate behind the
BC1 stop codon and scatter over a 140-bp region up to position
1078 (Fig. 6). Taken together, these results suggest that poly-
adenylation of the leftward transcripts on DNA-B is also im-
precise. Furthermore, both leftward and rightward transcripts
appear to overlap the small intergenic region between the BV1
and BC1 stop codons and therefore, like the converging tran-
scripts of DNA-A, might also form a double-stranded RNA
leading to a silencing response.

Detection of MYMV transcripts by Northern blotting. To
validate the cRT-PCR mapping results and gain information
on the relative abundances of viral transcripts at early and late
stages of infection, we performed Northern blot hybridization

FIG. 5. Mapping of the DNA-B transcription start sites. A portion of MYMV DNA-B, including the large IGR between the leftward (BC1)
and rightward (BV1) ORFs, is represented schematically; the major and minor transcription start sites in both directions are indicated (bent
arrows) and corresponding transcripts (capped lines) depicted. The corresponding nucleotide sequence is shown below and annotated as in Fig.
4. The intron sequence in the BC1 transcription unit is highlighted and flanked with large arrowheads indicating the spice sites.
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analysis of total RNAs isolated from two parts of MYMV-
infected blackgram seedlings: (i) the uppermost unopened leaf
buds, which should contain a high proportion of the virus at
early stages of its replication cycle (Fig. 7, sample 2), and
(ii) newly opened young leaves, in which the products of late
viral genes should start to accumulate (Fig. 7, sample 3). Five
MYMV-specific DNA probes were derived from the complete
coding regions of the AC1, AC2, AV1, BC1, and BV1 genes,
respectively (Fig. 7).

The results revealed that viral transcripts corresponding to
all the five transcription units mapped by cRT-PCR accumu-
late in infected plants. The approximate sizes of the major
transcripts, calculated based on the positions of the RNA
markers (2.37 kb, 1.35 kb, and 0.24 kb), matched the expected
sizes, taking into account variations in poly(A) tail length (up
to and probably beyond the longest tail of 75 nt that we have
cloned). As expected, the 1.65-kb AC1/4 transcript is detected
by both the AC1 and AC2 probes, the 0.65-kb AC2/3 transcript
by the AC2 probe, the 1.0-kb AV2/1 transcript by the AV1
probe, the 0.9-kb BV1 transcript by the BV1 probe, and the
1.1-kb spliced BC1 transcript by the BC1 probe (Fig. 7). By
using the BC1 probe, three additional, less abundant tran-
scripts of 	0.7 kb, 	1.2 kb, and 	1.4 kb were also detected.
The 	1.2-kb transcript (Fig. 7, pre-BC1) is likely to be an
unspliced version of the major BC1 transcript, as it was also
detected by cRT-PCR (see Fig. S2 and Table S2 in the sup-
plemental material). The 	1.4-kb transcript (Fig. 7, CR) might
originate from the DNA-B CR, consistent with a minor tran-
scription start site being mapped to this region (see Fig. S2 and
Table S2 in the supplemental material). The nature of the third
minor band (Fig. 7, double asterisk) will require further inves-
tigation. Likewise, an additional transcript of 	1.4 kb detected
by the AC2 probe (Fig. 7, single asterisk) remains to be inves-
tigated. The fact that this transcript does not significantly hy-
bridize to the AC1 probe suggests that it may be a readthrough
version of the AC2/3 transcript. Consistent with this interpre-
tation is the cloning of several RNA sequences partially or fully
overlapping the DNA-A IGR (see Fig. 4; also see Table S2 in
the supplemental material), which could result from processing
of a leftward readthrough transcript followed by partial deg-
radation of its 3� portion spanning the IGR.

Interestingly, the relative abundances of viral transcripts in
the younger and older tissues (Fig. 7; compare samples 2 and
3) correlate well with the activities of the corresponding pro-
moters in the absence and presence of AC2, as observed in
plant protoplasts (see Fig. 2 and 3). At the early stages of
infection (sample 2), the transcripts for the AV2/1, BV1, and
BC1 genes are much less abundant than at the later stages
(sample 3), confirming the AC2-inducible nature of their pro-
moters. In contrast, the AC2/3 transcript accumulated to high
levels in both samples, reflecting the constitutive nature of its
promoter, as observed in the protoplast system. Furthermore,

accumulation of the AC1/4 transcript is low in both samples,
consistent with the low basal activity of the AC1 promoter and
the negative-feedback regulation even in the presence of AC2.
Finally, the relatively high accumulation of the AV2/1 tran-
script early in infection could be due to a synergistic positive
effect of AC1 protein on AC2-mediated activation of the
AV2/1 promoter.

Besides the above-mentioned long transcripts, smears in the
bottom parts of the blots were observed, which most likely
represent degradation intermediates of the respective major
transcripts. Notably, in the case of the AC2/3 transcript, these
degradation products accumulate equally in both samples to
rather high levels, indicating that this early transcript might be
a major target of the antiviral defense based on RNA silencing.
Consistent with this notion, an AC2 gene region was found to
be a hot spot for begomovirus small RNAs of 	21 to 24 nt, the
hallmarks of RNA silencing (56; R. Akbergenov and M. M.
Pooggin, unpublished).

DISCUSSION

Viruses in general, and plant geminiviruses in particular,
economize the signals required for expression of their ge-
nomes. In order to minimize genome size, enhancer ele-
ments can be shared by different promoters, promoters can
extend into and/or be contained entirely within protein cod-
ing regions, multiple (alternatively) spliced and overlapping
transcripts can be created, and transcripts can be polycis-
tronic or encode polyprotein precursors giving rise to sev-
eral individual proteins upon processing. Our study reveals
that, with the exception of polyproteins (which have not
been found in geminiviruses), most of these strategies are
used by MYMV, and characterizes some new features of
regulation of begomovirus gene expression.

Transcriptional control in cis and in trans. The five major
MYMV transcription units mapped and characterized here
confirm that, like other geminiviruses, MYMV has evolved a
bidirectional mode of transcription, with the bidirectional pro-
moter of DNA-A contained within the 252-bp IGR between
the AC1 and AV2 start codons and the bidirectional promoter
of DNA-B contained within a larger IGR (957 bp) between
the BC1 and BV1 start codons. These bidirectional promoters
direct production of two transcripts from each DNA: AC1/4,
AV2/1, BC1, and BV1. A fifth major transcript is driven by an
additional, monodirectional AC2 promoter (see Fig. 1 and 7).
The bidirectional promoters contain separate, direction-spe-
cific core elements located at an optimal distance from their
respective transcription start sites. Since enhancer elements
can act bidirectionally (see, e.g., reference 59), they could be
shared by the core promoters. Indeed, both rightward and
leftward expression is transactivated by the viral transcription
factor AC2, and in the case of DNA-B, we could show that an

FIG. 6. Mapping of polyadenylation sites on DNA-A and DNA-B. Schematic representations of the DNA-A and DNA-B regions with
converging ORFs and polyadenylated transcripts. The nucleotide sequences of the viral and complementary strands (below each scheme) are
annotated with the major and minor poly(A) sites [large and small filled triangles, respectively, together with boxes noting the number of cRT-PCR
clones polyadenylated at that position and the range of lengths of the poly(A) stretch] for both rightward (above the viral strand) and leftward
(below the complementary strand) transcription units. Small vertical arrows indicate 3� termini of other nonpolyadenylated cDNAs. The 3� primers
for cRT-PCR are shown along the sequence by horizontal arrows.
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AC2-responsive region is indeed shared between the rightward
and leftward promoters. However, the degree of AC2-medi-
ated activation differs: it is considerable (	15- to 300-fold) for
the “late” promoters driving the AV1/2, BV1, and BC1 units
but much less pronounced (	3- to 5-fold) for the “early” pro-
moters driving the AC1/4 and AC2/3 units. On both the A and
B components, basal rightward expression is much lower and is
more markedly activated by AC2 than leftward expression.

The basal and activated RNA production profiles in MYMV
reflect the need for AC1 protein as an early function, but only
in the catalytic quantities required for genome replication,
whereas AV1, BC1, and BV1, as structural proteins, are re-
quired later and in higher quantities. Indeed, our results show
that the AC1 promoter is the weakest of the viral promoters. It
is moderately transactivated by AC2 but downregulated by
AC1, even in the presence of AC2 (Fig. 2). Consistently, the
AC1/4 transcript driven by this promoter accumulates to rela-
tively low levels at both early and late stages of infection (Fig.
7). Low basal activity of the AC1 promoter in protoplasts was
also found for ACMV (13, 24, 60), with transactivation by AC2
protein reported by Frey et al. (13) but not detected by oth-
ers (17, 24). Although not transactivated by AC2 (9, 51), the
TGMV AC1 promoter exhibited a much higher basal activity
(9) than MYMV or ACMV. Interestingly, the repressive effect
of the AC1 protein was much more pronounced in TGMV (9)
than in ACMV (17, 24) and MYMV (this work), possibly re-
flecting a difference in expression strategies between New
World (TGMV) and Old World (ACMV and MYMV) bego-
moviruses. This difference is further illustrated by the low ba-
sal activity and AC2 inducibility of the BC1 promoter observed
here for MYMV and earlier for ACMV (13), but not for
TGMV (9).

As a key activator of viral transcription, AC2 protein is also
expected to be produced early. In fact, the MYMV AC2/3
transcript is the most abundant species in early infection. Pro-
duction of AC2 protein in large quantities might reflect its role
not only in transcriptional activation of late viral genes (47) but
also in other activities such as suppression of silencing (55, 56,
58).

A separate transcript covering the AC2 and AC3 genes has
been precisely mapped in both monopartite (TLCV) (34) and
bipartite (AbMV [14] and TGMV [18, 50]) begomoviruses.
However for TGMV, in addition to that transcript, a complex

pattern of longer leftward transcripts was detected (18, 50).
This, together with a transgenic plant study (19), suggested
alternative mechanisms for AC2 and AC3 expression, includ-
ing translation of AC1, AC2, and AC3 from a single polycis-
tronic RNA (19). Our results for MYMV argue against this lat-
ter hypothesis, because of the presence of a precisely mapped
and highly abundant separate AC2/3 transcript driven by the
strong promoter located just upstream of the AC2 ORF. It is
rather unlikely that the AC2 and AC3 proteins would be al-
ternatively translated by internal initiation from the polycis-
tronic AC1/4 transcript, which accumulates to much lower
levels (Fig. 7). Also in ACMV, a similar promoter activity was
detected in a short segment upstream of the AC2 ORF, al-
though in that case its activity was only 40% of that of the AC1
promoter (60).

Recently, minichromosomes of AbMV have been fine-
mapped and shown to be composed of 11 to 13 nucleosomes
(37). Those associated with 11 or 12 nucleosomes have open
gaps, which might be accessible for interaction with host rep-
lication and transcription factors. Accordingly, on both DNA-
A and DNA-B these gaps occur in the IGR, which contain the
CR-based origin of replication and the bidirectional promot-
ers. One additional gap maps upstream of the AC2 ORF (37),
thus coinciding with the promoter region mapped here for the
AC2/3 transcription unit.

Our data also suggest that an enhancer element(s) of the
strong AC2 promoter might also act on the bidirectional pro-
moter located in the IGR. Indeed, both basal and AC2-medi-
ated expression from the AV1 start codon was increased by
addition of the sequence between the AC2 and AC4 start
codons. Conversely, the bidirectional IGR-based promoter
seems to have a negative effect on basal expression driven by
the AC2 promoter, although this effect is almost completely
alleviated in trans by the AC2 gene product (Fig. 3). Interest-
ingly, a similar negative effect of the CR-based core promoter
on downstream leftward transcription is also observed on
DNA-B (Fig. 2).

Upstream leftward transcription from the bidirectional pro-
moter might inhibit downstream AC2 promoter activity by
occluding binding sites for transcription factors and/or displac-
ing such factors. This would imply that strong constitutive ex-
pression from the AC1 promoter would not be compatible with
efficient expression of AC2 driven by the downstream AC2

FIG. 7. Detection of MYMV transcripts in infected plants by Northern blot hybridization. Three samples of total RNA, one from healthy (lanes
1) and two from MYMV-infected (lanes 2 and 3) blackgram plants, were separated on five gels, blotted, and hybridized with five different probes
(AC1, AC2, AV1, BV1, and BC1, respectively). The lane numbers correspond to the sample numbers. Positions of the RNA markers (4.4 kb to
0.24 kb; shown on the left) are indicated on each blot. As a loading control, ethidium bromide-stained 18S rRNA is shown below each blot. The
major viral transcripts, whose sizes correspond to those deduced from the cRT-PCR mapping results, are indicated by arrowheads. Two additional
hybridization signals are shown by asterisks. Hybridization smears in the bottom portions of the blots (indicated by brackets) represent degradation
intermediates of the corresponding major transcripts.
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promoter. In this regard, the negative-feedback regulation of
the AC1 promoter by AC1 protein might be necessary to main-
tain high expression of AC2.

The negative effect of MYMV AC1 on its own leftward
promoter contrasts with its positive effect on rightward tran-
scription exerted via synergistic cooperation with AC2 (Fig. 2),
i.e., AC1 appears to divert DNA-A transcription from the
leftward to the rightward direction. This is most likely achieved
through AC1 binding to the iterons located between the AC1
promoter TATA box and transcription start sites, as demon-
strated for TGMV (9, 11, 12), thereby blocking leftward tran-
scription and freeing enhancer elements for rightward tran-
scription. Such synergistic activation of rightward expression by
AC1 has not been detected in other begomoviruses to date (13,
16). However, in Wheat dwarf mastrevirus, the C1::C2 fusion
protein was implicated in activation of the rightward promoter
(22), and in that case it appears to require the unfused C1
protein for full activation (5).

Consistent with our hypothesis, AC2-mediated expression
from the AC2 promoter or DNA-B promoters was not influ-
enced significantly by AC1 (P. V. Shivaprasad and D. Trinks,
unpublished), apparently because these promoters are located
outside of the CR, which contains the AC1-binding site. The
positive effect of AC1 on transcription from the AV2/1 pro-
moter cannot be explained by an AC1-mediated amplification
of the DNA template in our transient system. Otherwise, a sim-
ilar effect would also have been observed for the full-length
DNA-B promoter constructs, which contain the same CR-
based origin of replication.

The molecular mechanism of AC2 action at the transcrip-
tional level (47) remains unknown. A conserved late element
(CLE) sequence has previously been implicated in AC2-medi-
ated transactivation based on its conservation in begomovi-
ruses (2) and some experimental evidence (40). Our inspection
of the MYMV sequence revealed a consensus CLE (GTGGT
CCC) at position 45 of DNA-B, 20 bp from CR (Fig. 5), i.e., in
the rightward promoter, the most AC2-responsive viral pro-
moter mapped here. In the corresponding region of DNA-A, a
sequence deviating from CLE in two positions (TTGGACCC)
was also found (Fig. 4). In TGMV, however, a consensus CLE
in the DNA-A rightward promoter does not appear to be
necessary for transactivation, despite being an integral part
of the AC2-responsive module (49). Moreover, the rightward
promoters of BGMV DNA-A and DNA-B, being highly re-
sponsive to AC2 from BGMV and TGMV, both lack a CLE
(25). Further dissection of the structural organization of AC2-
responsive promoters will be required to define the contribu-
tion of different cis-acting elements.

Multiple transcription initiation and polyadenylation sites.
In all the transcription units mapped here except AC1 and
BC1, transcription initiates at two major closely spaced start
sites, 3 to 4 nucleotides apart, within the context CANNN(N
)CA, where both adenines are cap sites. Interestingly, this
correlates with the presence of a CAAT box in the core pro-
moter. Different transcript variants may serve different func-
tions and/or be differentially regulated. In related situations for
the AV1 and BV1 units, the longer transcripts would allow
translation from the medium-sized ORF AV2 and sORF BV2,
which start in front of and overlap the main ORF, respectively.
In both cases translation from the main ORFs (AV1 and BV1)

would be inhibited unless leaky scanning occurs. The shorter
versions would allow translation only of AV1 (see below) and
BV1, respectively, because in both cases the cap site coincides
with the first nucleotide of the upstream start codon.

For the BC1 transcription unit, two initiation sites were
mapped. The minor initiation event, apparently driven by the
CR-based core promoter, would result in a long transcript with
originally three leader-based sORFs, while the major down-
stream initiation event produces a shorter transcript with only
one leader-based sORF located in the intron. It can be as-
sumed that these two transcripts are translated with different
efficiencies and/or are differentially regulated, as sORFs have
been implicated in many types of translational control (33, 41).

For most MYMV transcription units, multiple polyadenyla-
tion sites were mapped (Fig. 6). Besides the major poly(A)
sites, located at an optimal distance of about 22 nucleotides
from consensus or near-consensus poly(A) signals on both
DNA components, multiple minor sites were detected up-
stream and downstream. In this regard, the BV1 unit repre-
sents an extreme case, with 12 poly(A) sites scattered over 100
bases downstream of the translation stop codon. The biological
significance of such imprecise processing of viral transcripts is
unclear, but multiple polyadenylation events are common in
plants (39).

Translation initiation by leaky scanning. Neither separate
promoters nor separate transcripts have been found for the
AC4, AV1, and AC3 genes. Our artificial promoter fragments
AV2–AC4 and AV1–AC4 gave rise to only very low expression
from the AC4 start codon, even in the presence of AC2. This
is in contrast to ACMV, in which relatively high basal expres-
sion was observed from the first AUG of AC4 (24). We assume
that the leftward MYMV transcript originating from DNA-A
CR is polycistronic, allowing direct translation of AC1 and
translation of AC4 by leaky scanning. Leaky scanning (re-
viewed in reference 29) would be favored by the suboptimal
initiation context of the AC1 start codon (AAUAUGC) and the
absence of AUG codons between the AC1 and AC4 start co-
dons.

Leaky scanning also seems to be the translation mechanism
for AV1 and BV1, the main products of the AV2/1 and BV2/1
transcripts, allowing bypass of the 5�-proximal (AV2 and BV2)
AUG start codons due to the suboptimal length of the leaders
preceding those AUGs. Even in the longer versions of those
transcripts, the leader length of 4 nucleotides is below the
critical length of 7 nucleotides determined by Kozak (28). In
the case of the AV2/1 unit, downstream translation is further
complicated by the presence of two additional AUGs in the
region between the AV2 and AV1 start codons, the first cre-
ating an sORF and the second being in frame with the AV2
ORF (see Fig. 4). After primary translation of such sORFs,
efficient reinitiation of translation is possible (reviewed in ref-
erences 29 and 41). Similar structural organization of the
AV2/1 unit has been reported for ACMV (13, 54) and TLCV
(34). Notably, expression levels from the MYMV AV1 and
AV2 start codons were comparable, and both responded sim-
ilarly to the regulatory proteins AC2 and AC1 (Fig. 2), further
supporting the notion that these overlapping genes are ex-
pressed from the same transcription unit via a coupled mech-
anism such as leaky scanning.

Several lines of evidence indicate that AC3 is also translated
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by leaky scanning from a dicistronic AC2/3 transcript. Firstly,
this transcript is highly abundant and driven by the strong AC2
promoter. Secondly, cRT-PCR with AC3 ORF-specific prim-
ers did not reveal any major transcription start between the
AC2 and AC3 start codons or any splicing event removing the
upstream AC2 AUG. Thirdly, transient expression experi-
ments showed that AC3 expression positively correlates with,
and always constitutes a constant fraction of, AC2 expression.
Fourthly, point mutation of the AC2 start codon increases
expression from the AC3 AUG, consistent with the predictions
of a leaky scanning model. Finally, inspection of the sequence
between the mapped or putative transcription start sites and
the AC3 AUG start codon in MYMV, ACMV (all strains but
KE), AbMV, TLCV, and TGMV reveals no other AUG codon
except the AC2 start codon, which is in a suboptimal moderate
context, while the AC3 start codon itself is in the optimal con-
text (Fig. 4 and data not shown).

Taken together, all the evidence suggests that leaky scanning
is a major strategy employed by MYMV and, most likely, by
other begomoviruses to translate their polycistronic transcrip-
tion units.

Splicing. Splicing in geminiviruses was first discovered in
monopartite geminiviruses of the genus Mastrevirus, where it
appears to be the only mechanism of expression for the C2
ORF, which lacks its own AUG start codon (1, 43). To our
knowledge, splicing has never previously been reported in be-
gomoviruses. Here we provide evidence for a distinct splicing
event as part of the expression strategy of MYMV. The 123-nt
intron within the BC1 transcription unit appears to be a ca-
nonical plant intron processed by the major U2 spliceosome
(30, 44). But, unlike most plant introns, it is contained within
the leader region preceding the main ORF. The splicing event
removes the leader-based sORF, whereby translation efficiency
is expected to increase while the coding sequence remains
unaltered. Besides removing inhibitory sequences from the
BC1 mRNA leader, the splicing process itself might increase
the efficiency of BC1 expression by accelerating viral mRNA
transport to the cytoplasm for productive translation.

An intron with consensus 5� and 3� splice sites and one or
more sORFs appears at the same or a nearby location in all
isolates of MYMV and MYMIV, as well as in more distantly
related begomoviruses including HYMV and ACMV (see Fig.
S3 in the supplemental material). In the latter case, the pre-
dicted intron is burdened with as many as 6 AUGs (depending
on the strain), while the putative leader of the spliced tran-
script lacks any AUG. The observation that the minor (1.35-
kb) and major (1.1-kb) leftward transcripts of ACMV DNA-B
(54) are 5� coterminal (unpublished data discussed in refer-
ence 7) may well be explained as a precursor-product relation-
ship consistent with a splicing event removing the 239-nt intron
predicted here. In contrast, for East African cassava mosaic
virus, South African cassava mosaic virus, TGMV, and AbMV,
inspection of the complementary stand upstream of the BC1
ORF did not reveal any canonical intron, suggesting that the
splicing event discovered here for MYMV may not be con-
served in all begomoviruses.

Conclusions. In summary, the following new features, which
might also apply to other begomoviruses, were revealed for
MYMV. The leftward and rightward promoters on DNA-B
share the transcription activator AC2-responsive region, which

does not overlap with the CR. The transcription unit for BC1
includes a conserved, leader-based intron. Besides negative-
feedback regulation of its own leftward promoter on DNA-A,
the replication protein AC1, in cooperation with AC2, syner-
gistically transactivates the rightward promoter, which drives a
dicistronic transcription unit for the coat protein AV1. AC2 and
the replication enhancer AC3 are expressed by leaky scanning
from a single dicistronic and highly abundant transcript driven
by a strong promoter mapped within the upstream AC1 gene.

ACKNOWLEDGMENTS

We are grateful to Helen Rothnie and Johannes Fütterer for critical
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