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Bunyamwera virus (BUNV) is the prototype of the Bunyaviridae family of RNA viruses. BUNV genomic
strands are templates for both replication and transcription, whereas the antigenomic RNAs serve only as
templates for replication. By mutagenesis of model templates, we showed that the BUNV transcription
promoter comprises elements within both the 3� and the 5� nontranslated regions. Using this information, we
designed a model ambisense BUNV segment that transcribed BUNV S mRNA from the genomic strand and
green fluorescent protein (GFP) mRNA from the antigenome. Demonstration of GFP expression showed that
this ambisense strategy represents a viable approach for generating BUNV segments able to express additional
proteins.

The Bunyaviridae family of RNA viruses comprises five gen-
era, namely, Orthobunyavirus, Hantavirus, Nairovirus, Phlebo-
virus, and Tospovirus. Many bunyaviruses cause life-threaten-
ing human disease and consequently are described by the
Centers for Disease Control and Prevention as category A, B,
and C priority pathogens. The prototype of the Bunyaviridae
family is Bunyamwera virus (BUNV), which serves as a model
for the many pathogens within this family.

The BUNV genome comprises three segments of negative-
sense RNA, designated small (S), medium (M), and large (L).
The S segment encodes the nucleocapsid (N) and nonstruc-
tural proteins (NSs) expressed from overlapping open reading
frames (ORFs) on the same mRNA (8, 11, 12). The M segment
encodes a polyprotein that is cleaved to yield Gn, Gc, and NSm
proteins (6, 12, 13). The L segment encodes the RNA-depen-
dent RNA polymerase (RdRp) (7).

The ORFs of each segment are flanked by nontranslated
regions (NTRs) that direct the RdRp to perform two distinct
RNA synthesis activities: (i) transcription to generate a single
mRNA and (ii) replication to generate antigenomes that are
replicated to generate further genomes. The BUNV S-segment
genome is a template for both replication and transcription,
whereas the antigenome serves only as a template for replica-
tion (5, 14). This division of template activity, in which a func-
tional mRNA is transcribed only from the genomic strand, is
not a universal feature of all bunyavirus members. Many vi-
ruses within this group perform ambisense transcription, in
which both genome and antigenomes are transcriptionally ac-
tive. The ambisense strategy of gene expression is a feature of
the segmented arenaviruses and recently has been artificially
bestowed upon several nonsegmented negative-sense RNA vi-
ruses (9, 18).

The fundamental difference in activity of the BUNV
genomic and antigenomic RNAs suggests that these strands
are recognized differently by the BUNV RdRp, which is likely
due to critical nucleotide differences within the 3� and 5� NTRs
of these RNAs. For the BUNV S segment, the 3� and 5� NTRs
are 85 and 170 nucleotides in length, respectively. To facilitate
our search for nucleotides responsible for the different strand
activities, we constructed WT(25/25), which comprises nucle-
otides 1 to 25 of 3� and 5� NTRs surrounding the intact BUNV
S-segment ORF (Fig. 1A). To analyze the RNA synthesis ac-
tivity of WT(25/25), the corresponding cDNA was transfected
together with BUNV S- and L-segment ORF containing plas-
mids into BHK-21 cells previously infected with recombinant
vaccinia virus vTF7-3, which expresses T7 RNA polymerase.
Primer extension of end-labeled oligonucleotides Left-BUN
(5�-GCGACCTCTGGGTCAAAAGTACTGC-3�) and Right-
BUN (5�-GGAAGAAAACCAATGTTAGTGCAGC-3�), per-
formed as described previously (3–5), showed that the genomic
and antigenomic strands of WT(25/25) exhibited the same
RNA-synthetic characteristics as their full-length counterparts
such that the genome signaled both transcription and replica-
tion (Fig. 1B, lane 1, and C), whereas the antigenome signaled
only replication (Fig. 1B, lane 3, and C).

There are 18 nucleotide differences between these strands,
and one or more must be a critical component of the transcrip-
tion signal. These nucleotides comprise mismatched nucleo-
tides at 3� and 5� position 9 and eight further nucleotides
within each NTR (positions 16 to 18, 20, and 22 to 25 [Fig.
1A]). The goal of this study is to identify which of these nu-
cleotides are essential for transcription.

We previously showed that the U residue at 3� position 9 was
critical for transcription, whereas corresponding 5� position 9
could be changed with no effect (5). We also showed that this
U residue was not the sole component of the transcription
promoter, as it did not signal transcription when within the
transcriptionally silent antigenome (5). In addition, we deter-
mined that the remaining eight nucleotide differences between
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the 3� NTRs of genomic and antigenomic strands played no
role in transcription signaling (5). Together, these findings
imply that an essential transcription signal likely resides within
two elements located at opposite ends of the template: the U
at genomic 3� position 9 and the eight nucleotides located at
genomic 5� positions 16 to 18, 20, and 22 to 25. To test this
hypothesis, we introduced these elements into the nontran-
scribing antigenome of WT(25/25). If our hypothesis was cor-
rect, transfer of both elements would confer transcription sig-
naling ability to this strand.

We first inserted each element individually to show that

neither was sufficient alone to signal transcription. First, the U
residue was incorporated at position 9 within the WT(25/25)
antigenome to generate WT(25/25)-U/A (Fig. 2A, top sche-
matic). Primer extension analysis using oligonucleotide Right-
BUN showed that the WT(25/25)-U/A antigenome signaled
replication but not transcription (Fig. 2A, lane 1). We next
placed the eight-nucleotide element within the antigenomic 5�
NTR of WT(25/25) to generate AG-CB(25/25)-U/G (Fig. 2A,
middle schematic). Again, primer extension analysis using oli-
gonucleotide Right-BUN showed that the antigenome signaled
replication but not transcription (Fig. 2A, lane 5). Finally, we

FIG. 1. Schematic representation of the genomic and antigenomic strands of model template WT(25/25) and analysis of their RNA synthesis
activity. (A) Schematic of T7 transcription plasmid pWT(25/25) designed to express the antigenomic strand of template WT(25/25). The resulting
primary transcript contains nucleotides 1 to 25 of the BUNV 3� and 5� S-segment NTRs and nucleotides representing BglII and XhoI restriction
sites surrounding the BUNV S-segment ORF. The primary transcript also possesses two additional G residues at the 5� end and the Hepatitis delta
virus ribozyme (HDV) at the 3� end. The BUNV-specific nucleotides within 3� and 5� NTRs of the genome and antigenome of template WT(25/25)
are shown. Differences between the two strands are shaded, and the cases in which there is the potential to form canonical Watson-Crick pairings
(*) or noncanonical pairs (● ) are shown. (B) The RNA synthesis activities of WT(25/25) genomic and antigenomic strands was determined using
primer extension analysis. A cDNA expressing the model BUNV template WT(25/25) was transfected into vTF7-3-infected BHK-21 cells together
with BUNV S and L plasmids (�) or BUNV S plasmid alone (-). Positive-sense RNAs generated from the genomic strand of WT(25/25) were
detected by primer extension using 33P end-labeled negative-sense oligonucleotide Left-BUN. The products were separated by polyacrylamide gel
electrophoresis (PAGE) and visualized by autoradiography. Initial T7 RNA polymerase transcripts and antigenomic replication products are
marked with an arrow, and the BUNV mRNAs characterized by the host-cell-derived and variably sized 5� extensions are marked with a vertical
bar. (B) Negative-sense RNAs generated by the antigenomic strand of WT(25/25) were analyzed by use of 33P end-labeled positive-sense
oligonucleotide Right-BUN. For each panel, a sequence ladder is provided as a marker. (C). The ability of WT(25/25) genome or antigenome
strands to transcribe and replicate is schematically summarized below each corresponding autoradiograph.
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incorporated both elements into WT(25/25) to generate AG-
CB(25/25)-U/A (Fig. 2A, bottom schematic). Primer extension
analysis using oligonucleotide Right-BUN showed that the an-
tigenome strand signaled both replication and transcription
(Fig. 2A, lane 9), thus confirming our hypothesis that nucleo-
tides essential for transcription were located at 3� position 9
and also 5� positions 16 to 18, 20, and 22 to 25.

Based on our hypothesis, all alterations made to the antige-
nomic strands of WT(25/25)-U/A, AG-CB(25/25)-U/G, and
AG-CB(25/25)-U/A should not affect the existing transcription
signal within the corresponding genomic RNAs. Primer exten-
sion analysis using oligonucleotide Left-BUN showed these
genomic strands maintained transcription signaling ability (Fig.
2B, lanes 3, 7, and 11), demonstrating that both genomic and
antigenomic strands of AG-CB(25/25)-U/A are transcription-

ally competent. Template AG-CB(25/25)-U/A is thus capable
of ambisense transcription.

These results show the transcription promoter involves nu-
cleotides located at 3� and 5� ends of the template. We recently
determined that BUNV RNA replication required comple-
mentarity between nucleotides within 3� and 5� NTRs, and
their signaling ability depended on base-pairing potential
rather than specific identity (3). In contrast, nucleotides re-
quired for transcription are predicted to be unpaired in the
wild-type template (Fig. 1A), and so their signaling ability may
depend on nucleotide identity rather than base-pairing poten-
tial with nucleotides at the opposite end of the template. How-
ever, despite these possible differences, the common require-
ment for 3� and 5� nucleotides suggests that both replication
and transcription require template circularization. It is well

FIG. 2. Schematic representation of the genomic and antigenomic strands of WT(25/25) and its derivatives and analysis of their RNA synthesis
activities. (A) Nucleotides hypothesized to be essential for signaling BUNV transcription (shaded) were incorporated into the transcriptionally
inactive antigenomic strand of template WT(25/25) to generate templates WT(25/25)-U/A, AG-CB(25/25)-U/G, and AG-CB(25/25)-U/A. The
abilities of these antigenomic strands to signal transcription were investigated by primer extension analysis. Plasmids expressing the model BUNV
templates WT(25/25)-U/A, AG-CB(25/25)-U/G, and AG-CB(25/25)-U/A were transfected into vTF7-3 infected BHK-21 cells together with BUNV
S and L plasmids (�) or BUNV S plasmid alone (�). Negative-sense RNAs generated from these antigenomes were analyzed by primer extension
using 33P end-labeled positive-sense oligonucleotide Right-BUN. The products were separated by PAGE and visualized by autoradiography.
Genomic replication products are marked with an arrow, and the variably sized negative-sense BUNV transcripts are marked with a vertical bar.
(B) The RNA synthesis ability of the genomic strands of templates WT(25/25)-U/A, AG-CB(25/25)-U/G, and AG-CB(25/25)-U/A was investigated
by primer extension analysis using negative-sense oligonucleotide Left-BUN. Initial T7 RNA polymerase transcripts and antigenomic replication
products are marked with an arrow and the variably sized BUNV mRNAs are marked with a vertical bar. G, genome; AG, antigenome.
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established that Influenza virus segments also require terminal
interaction for RNA synthesis (1, 2, 10, 15–17, 19–21), and so
these results establish functional similarities between RNA
synthesis signals of bunyaviruses and orthomyxoviruses.

We next investigated whether transcripts made from the
AG-CB(25/25)-U/A antigenome could be translated. To test
this, we inserted the green fluorescent protein (GFP) ORF
downstream of the antigenomic 3� NTR in templates WT(25/
25)-U/A, AG-CB(25/25)-U/G, and AG-CB(25/25)-U/A (Fig.
3A). The ability of these templates to express functional GFP
mRNAs was analyzed by using fluorescence microscopy.

Only cells transfected with AG-CB(25/25)-U/A-GFP and
both S and L plasmids generated fluorescence (Fig. 3B), indi-
cating that the GFP mRNA was translatable. As predicted
from our earlier results (Fig. 2A, lanes 1 and 5), fluorescence
was not detected in dishes containing WT(25/25)-U/A-GFP
and AG-CB(25/25)-U/G-GFP or dishes lacking the L plasmid.
Interestingly, the AG-CB(25/25)-U/A-GFP antigenome does
not contain the signal that terminates BUNV S-segment tran-
scription upstream of the genomic 5� end (J. N. Barr, J. W.
Rodgers, and G. W. Wertz, submitted for publication). This
signal could place sequences or secondary structures at the
mRNA 3� end to functionally replace poly(A) tails that BUNV
mRNAs lack. However, translation of the GFP mRNAs sug-
gests that BUNV-specific sequences or structures are not es-
sential for translation.

We next wanted to determine which nucleotides within 5�
positions 16 to 18, 20, and 22 to 25 were essential for tran-
scription. To achieve this, we individually altered each of these
nucleotides within the nontranscribing antigenome of WT(25/
25)-U/A to the identity of the corresponding nucleotide from
the transcriptionally active antigenome of AG-CB(25/25)-U/A
(Fig. 4A). We anticipated that stepwise alteration of these
nucleotides would confer transcription ability to the WT(25/
25)-U/A antigenome only when nucleotides critical for tran-
scription signaling were present.

The ability of the resulting antigenomes (TWT1 to TWT7)
to signal transcription was analyzed by primer extension using
oligonucleotide Right-BUN. Our results show that all anti-
genomes from TWT1 to TWT7 (Fig. 4B, lanes 1 to 7) signaled
increased transcription compared to the nontranscribing
WT(25/25)-U/A antigenome (Fig. 4B, lane 10). Transcript
abundance increased through the series as follows: TWT1 �
TWT2 � TWT3 � TWT4 (Fig. 4B, lanes 1 to 4), such that the
transcription signaling ability of TWT4 was indistinguishable
from that of AG-CB(25/25)-U/A (Fig. 4B, lane 8). This shows
that corresponding nucleotides 16, 17, 18, and 20 of the 5�
NTR form a critical element that is required for abundant
BUNV transcription.

In conclusion, we have identified nucleotides within BUNV
3� and 5� NTRs that are essential for signaling transcription.
We used this information to generate a BUNV segment capa-
ble of ambisense expression, and we suggest that this mode of
transcription represents a potential strategy for generating re-FIG. 3. Construction of an ambisense BUNV model template able

to express an additional foreign protein. (A) A cDNA encompassing
the entire GFP ORF was inserted at the XhoI site directly downstream
of the antigenomic 3� NTR of templates WT(25/25)-U/A, AG-CB(25/
25)-U/G, and AG-CB(25/25)-U/A. (B) Plasmids expressing the anti-
genomic strand of templates WT(25/25)-U/A-GFP, AG-CB(25/25)-U/
G-GFP, and AG-CB(25/25)-U/A-GFP were transfected into vTF7-3-
infected BHK-21 cells together with plasmids expressing BUNV S and

L support plasmids (�pL) or BUNV S support plasmid alone (�pL).
The ability of the antigenomic strands of these templates to express
GFP was analyzed using a Nikon Eclipse TE2000-E fluorescence mi-
croscope 20 h posttransfection at a magnification of 60�.
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combinant infectious BUNV variants containing additional
transcriptional units.
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