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By using poly(A)-selected RNA from Berne virus (BEV)-infected embryonic mule skin cells as a template,
cDNA was prepared and cloned in plasmid pUC9. Recombinants covering a contiguous sequence of about 10
kilobases were identified. Northern (RNA) blot hybridizations with various restriction fragments from these
clones showed that the five BEV mRNAs formed a 3'-coterminal nested set. Sequence analysis revealed the
presence of four complete open reading frames of 4743, 699, 426, and 480 nucleotides, with initiation codons
coinciding with the 5' ends of BEV RNAs 2 through 5, respectively. By using primer extension analysis and
oligonucleotide hybridizations, RNA 5 was found to be contiguous on the consensus sequence. The transcription
of BEV mRNAs was studied by means of UV mapping. BEV RNAs 1, 2, and 3 were shown to be transcribed
independently, which is also likely-although not rigorously proven-for RNAs 4 and 5. Upstream of the AUG
codon of each open reading frame a conserved sequence pattern was observed which is postulated to function
as a core promoter sequence in subgenomic RNA transcription. In the area surrounding the core promoter
region of the two most abundant subgenomic BEV RNAs, a number of homologous sequence motifs were

identified.

Berne virus (BEV) has been characterized as a repre-

sentative of a new group of enveloped, positive-stranded
RNA viruses (29), for which a family status has been
proposed. The Toroviridae (12) contain this equine virus as

the family prototype. Antigenically related bovine (Breda
virus [30]) and human (1) viruses can be considered addi-
tional members to the proposed family.

Analysis of purified BEV has revealed the presence of four
structural proteins: a 19-kilodalton nucleocapsid (N) protein,
two nonglycosylated membrane-associated proteins of 21
(E) and 37 (M) kilodaltons, and an N-glycosylated peplomer
(P) protein in the range of 80 to 100 kilodaltons, forming
club-shaped projections on the virion surface (for reviews,
see references 11 and 28).
The BEV genome consists of a single infectious and

polyadenylated RNA molecule of at least 20 kiobases (kb)
(21). In BEV-infected cells the presence of five virus-
specific, polyadenylated RNAs of 0.8, 1.4, 2.1, 7.5, and .20
kb has been demonstrated (21). In vitro translation studies
have shown that RNA 5 (0.8 kb) and RNA 3 (2.1 kb) encode
the N and E proteins, respectively. Translation of RNA 2
(7.5 kb) resulted in the synthesis of a 151-kilodalton product,
possibly the intracellular precursor of the peplomer protein
(21).
The sizes of the translation products of the different RNA

species are in good agreement with the theoretical nonover-
lapping coding capacities of a 3'-coterminal nested set. To
study the genome organization and replication strategy, we
cloned the BEV mRNAs and used UV transcription mapping
to investigate the mechanism of their synthesis. In this
report we describe the organization of 10 kb (extending from
the 3' end) of the BEV genome and the presence of a
3'-coterminal nested set. In addition, we show that the BEV
RNAs 1, 2, and 3 are transcribed independently.
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MATERIALS AND METHODS

Cells and virus. BEV strain P138/72 was grown in embry-
onic mule skin (EMS) cells as described previously (21).

Purification of genomic and virus-specific mRNAs. The
purification of BEV from tissue culture medium and the
isolation of genomic RNA have been described previously
(21). Intracellular RNA was isolated from infected EMS
cells, and mRNAs were purified by using oligo(dT)-cellulose
chromatography (21). About 300 ,ug of poly(A)-containing
RNA could be isolated at 13 h postinfection from 2.7 x 108
EMS cells infected with a multiplicity of infection of 7 (21).
cDNA synthesis and cloning. Poly(A)-selected RNA from

BEV-infected EMS cells was denatured with methylmercury
hydroxide (14). cDNA synthesis was primed with oligo(dT)
or calf thymus pentanucleotides. Procedures for first- and
second-strand syntheses were similar to those described by
Gubler and Hoffman (8). The cDNA was tailed with dC
residues and annealed to PstI-digested, dG-tailed pUC9
DNA (Pharmacia Fine Chemicals). Annealed DNA was used
for transformation of Escherichia coli XL1-blue (Stratagene)
as described by Hanahan (10). Bacteria were grown in the
presence of 50 ,ug of ampicillin per ml. White colonies were
selected for further analysis.

Preparation of probes and hybridizations. Fragments of
BEV genomic RNA and ofRNA from uninfected EMS cells
were prepared by incubation in 50 mM Na2CO3 (at 50°C for
80 min.). RNA fragments, oligo(dT)}2-18, and synthetic
oligonucleotides were labeled with [,Y-3 P]ATP and T4 poly-
nucleotide kinase (15). Gel-purified restriction fragments
were labeled by using pentanucleotides as primers and E.
coli DNA polymerase I as described by Feinberg and Vo-
gelstein (4). Filters for colony hybridizations were prepared
as described by Maniatis et al. (15). Colony hybridizations
with RNA fragments were carried out at 420C in 5x SSPE
containing 50% formamide, 5x Denhardt reagent, 0.1%
sodium dodecyl sulfate, and 100 ,ug of yeast tRNA per ml;
SSPE and Denhardt reagent were prepared as described by
Maniatis et al. (15). Hybridizations with labeled oligo(dT) (at
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FIG. 1. Cloning and sequencing strategy of BEV mRNA sequences. A consensus restriction map of the 10 kb upstream of the poly(A) tail
is presented. Restriction sites: L, BalI; H, Hindlll; N, NdeI; B, BamHI; K, KpnI; E, EcoRI. The positions of 15 cDNA clones in the
consensus sequence are shown in the upper part of the figure. Dashed lines indicate the parts of clones used for sequence analysis. The lower
part of the figure shows the ORFs (=), as determined by sequence analysis. The approximate mapping of the five BEV mRNAs in the
consensus sequence is indicated. Restriction fragments (_) were used as probes in Northern blot hybridizations (Fig. 2). The following
probes were used [numbers indicate the distance of the first nucleotide of the restriction site to the first nucleotide of the poly(A) tail]: A,
EcoRI (678 nt) to HaeIII (30 nt); B, BglII (1,171 nt) to HindIII (1,074 nt); C, RsaI (1,756 nt) to TaqI (1,512 nt); D, EcoRI (3,478 nt) to PstI
(2,401 nt); E, PvuII (6,889 nt) to NdeI (6,341 nt); F, HindIIl (8,254 nt) to PvuII (6,907 nt).

room temperature) and DNA probes (at 42°C) were carried
out as described by Meinkoth and Wahl (17) for synthetic
oligonucleotides and nick-translated probes, respectively.
Northern (RNA) blot hybridization with kinase-labeled oli-
gonucleotides (at 5°C below the melting temperature) and
DNA probes were performed as described by Meinkoth and
Wahl (17) and de Groot et al. (3), respectively.

Hybridizations in dried agarose gels were carried out
under conditions identical to those for Northern blot hybrid-
ization with 10 ng of kinase-labeled oligonucleotide per ml of
hybridization mixture.
DNA sequencing. Restriction fragments were isolated from

agarose gels by binding to NA-45 paper (Schleicher &
Schuell Co.) and subsequently subcloned in bacteriophage
M13 vectors. Sequencing was carried out by using the
dideoxynucleotide-chain termination procedure with Kle-
now DNA polymerase and [a-32P]dATP as the label (19) or

by using a bacteriophage T7 polymerase sequencing kit
(Pharmacia) and [(x-35S]dATP as recommended by the man-

ufacturer. Sequence data were analyzed by using the com-

puter programs of Staden (23).
RNA electrophoresis, hybridization in gel, and Northern

blot hybridization. Formaldehyde-formamide RNA electro-
phoresis in 1% agarose gels was performed as described by
Meinkoth and Wahl (17). For direct hybridization in gel, gels
were washed twice in a 10 mM phosphate buffer and dried at

60°C. Northern blotting was carried out as described by de
Groot et al. (9).
UV transcription mapping. EMS cells were infected at a

multiplicity of infection of 20 as described previously (21).
At 8 h postinfection, dactinomycin (1 ,ug/ml) was added to
the medium. At this stage dactinomycin does not inhibit viral
replication (21). After an incubation of 30 min, the medium
was removed, and cells were UV irradiated for various
intervals with a dose rate of 50 erg s-' mm-2, as described
previously for mouse hepatitis virus by Jacobs et al. (13).
After irradiation, cultures were incubated for 45 min in
medium containing 100 ,uCi of [3H]uridine and 1 ,ug of
dactinomycin per ml. A quantitative analysis of total RNA
synthesis after irradiation was performed by using 2-cm2
wells. After cell lysis, the amount of incorporated [3H]
uridine was determined by trichloroacetic acid precipitation
and scintillation counting. To study the effect of UV irradi-
ation on the synthesis of individual BEV RNA species, RNA
was isolated and electrophoresed as described previously
(21). Incorporation of label into individual RNA species was
quantitated by excision of bands from dried gels and scintil-
lation counting.
Primer extension. A kinase-labeled synthetic oligonucleo-

tide with the sequence 5' ATGCAACAACCTGAG 3' (oligo-
nucleotide A [oligo A], complementary to nucleotides 634 to
620; see Fig. 3A) (10 ng) was annealed to 0.5 ,ug of poly(A)-
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selected RNA from BEV- and mock-infected EMS cells in
the presence of 10 mM methylmercury hydroxide. After
incubation for 10 min at room temperature, first-strand
cDNA synthesis was performed under the same conditions
as those used for the generation of the cDNA libraries.
Analysis of the extension products was performed on a 6%
acrylamide-urea sequencing gel, using as a marker oligo
A-primed sequencing samples made from single-stranded
M13 DNA containing the BEV sequence from the poly(A)
tail to position 1074.

RESULTS

cDNA cloning of BEV intracellular RNAs and mapping of
recombinant plasmids. Poly(A)-selected RNA from BEV-
infected EMS cells was used to prepare oligo(dT)- and
random-primed cDNA libraries as described in Materials
and Methods. Recombinant transformants containing viral
sequences were selected by colony hybridization with ki-
nase-labeled fragments of alkali-digested genomic RNA iso-
lated from purified BEV. Approximately 30% of the recom-

binant transformants from the oligo(dT)-primed cDNA
library contained a virus-specific insert. None of these
positive transformants hybridized to RNA fragments from
mock-infected EMS cells. To map the inserts of the virus-
specific cDNA clones, a hybridization with kinased oli-
go(dT) was employed to identify cDNA representing the 3'
end of BEV RNAs. The insert size of oligo(dT)-positive
cDNA clones was determined by restriction enzyme analy-
sis. Restriction fragments from recombinants pO27 and p031,
containing the largest inserts, were purified and used to
probe the random-primed cDNA library (Fig. 1). The inserts
of positive transformants were analyzed by restriction en-
zyme analysis and used to select transformants, which
would extend the cloned DNA toward the 5' end of the viral
RNA. This "mRNA walking" resulted in a continuous map
of over 10 kb (Fig. 1).
BEV RNAs form a 3'-coterminal nested set. BEV intracel-

lular RNAs 3 and 5 are the most abundant viral RNAs found
in BEV-infected EMS cells (21). Restriction enzyme analysis
of the inserts of oligo(dT)-positive cDNA clones revealed
identical restriction maps. This strongly suggested sequence
homologies between the BEV RNAs 3 and 5 and, possibly,
all BEV subgenomic (sg) RNAs. To verify this hypothesis,
several restriction fragments were used as probes in North-
ern blot analyses. The position of probes A through F on the
restriction map are indicated in Fig. 1. The corresponding
Northern blot hybridizations to poly(A)-selected RNA from
BEV-infected EMS cells are shown in Fig. 2. Probe A,
containing the 3' end of the cDNA insert of clone p031,
hybridized to all sg intracellular BEV RNAs, whereas probe
B, located at positions 1,074 to 1,171 nucleotides (nt) up-
stream of the poly(A) tail, failed to recognize RNA 5 but did
hybridize to all the other RNA species. Hybridizations with
probes from upstream regions were employed to map the
positions of the other BEV RNAs (Fig. 2, lanes A through
D). The results obtained with probes E and F, which come
from a separate experiment, indicate that the region unique
to RNA 1 starts at approximately 7 kb upstream of the
poly(A) tail (Fig. 2, lanes E and F). The hybridization data
confirmed the presence of a 3'-coterminal nested set (Fig. 1).
Due to competition for binding of the probe, the hybrid-

ization signals in Fig. 2 reflect the relative molarities of the
BEV RNAs (21). The poor RNA 1 signal in lanes A through
C can therefore be explained by the low relative molarity of
this RNA and the fact that probes A through C did also react
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FIG. 2. Northern blot hybridizations of various restriction frag-
ments to poly(A)-selected mRNAs from BEV-infected cells. The
restriction fragments A through F (explained in Fig. 1) were used to
map the BEV mRNAs, separated in a 1% agarose gel. RNAs are
indicated by their numbers (21). From lanes E and F, which come
from a different experiment than lanes A through D, it can be
concluded that probe F is the first probe located in the unique region
of RNA 1. The lane on the right shows the result of a hybridization
in a dried agarose gel by using oligo A (Fig. 3) as a probe. Because
of the poor blotting efficiency of RNA 1, a hybridization in gel
provides a more accurate image of relative RNA molarities.

with the abundant small BEV RNA species. In addition, the
blotting efficiency of large RNA molecules is notoriously
poor, preventing an accurate determination of relative RNA
molarities from Northern blot hybridization. To circumvent
this technical problem, a direct hybridization in a dried
agarose gel was performed, using as a probe an oligonucle-
otide from the RNA 5 region [oligo A; see below]. The result
[Fig. 2; oligo(A) lane] allowed a comparison of relative RNA
molarities with the values obtained previously on the basis of
[3H]uridine incorporation and estimated RNA lengths (21).
Only the relative amounts of RNAs 3 and 5 were found to be
slightly different from the values calculated before. Relative
molarities of 3, 3, 39, 13, and 42% were now determined for
RNAs 1 through 5, respectively.

Nucleotide sequence analysis and identification of ORFs.
The 15 cDNA clones shown in the upper part of Fig. 1 were
used for sequence analysis. Over a distance of about 9 kb,
extending from the beginning of the poly(A) tail to the 5' end,
the nucleotide sequence was determined on at least two
independent cDNA clones (Fig. 1). The consensus sequence
(9,829 nt in total) revealed the presence of four open reading
frames (ORFs) and the 3' end of a potential fifth ORF (Fig.
1). Relative to the poly(A) tail, ORFs were located at
positions 680 through 200 (480 nt), 1150 through 724 (426 nt),
1910 through 1211 (699 nt), and 6684 through 1941 (4,743 nt).
The fifth ORF (3,026 nt so far) terminated at position 6603
and was the only one that partially overlapped one of the
other reading frames.
The distances from the initiation codons of the three

(small) ORFs at the 3' end to the poly(A) tail were in good
agreement with the estimated sizes of the three smallest
BEV RNAs. Subtracting an average of 150 nt for the poly(A)
tail, these sizes were 650, 1,250, and 1,950 nt for BEV RNAs
5, 4, and 3, respectively (21). The numbers of nucleotides
computed from the consensus sequence were 680, 1,150, and

RNA
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1,910, respectively. For RNA 2 we predicted a size of
approximately 7.35 kb, excluding the poly(A) tail; from the
sequence data a size of 6,684 nt was calculated. Full details
on the nucleotide sequence of these ORFs and the charac-
terization of their translation products will be presented
elsewhere (E. J. Snijder, J. A. den Boon, W. J. M. Spaan,
G. M. G. M. Verjans, M. C. Horzinek, J. Gen. Virol., in
press; E. J. Snijder, J. A. den Boon, W. J. M. Spaan, M.
Weiss, M. C. Horzinek, submitted for publication; E. J.
Snijder, J. A. den Boon, P. J. Bredenbeck, M. C. Horzinek,
R. A. Rijnbrand, W. J. M. Spaan, submitted for publication;
E. J. Snijder et al., manuscript in preparation; J. A. den
Boon, manuscript in preparation).
RNA 5 does not contain a diverging leader sequence.

Having established the presence of a 3'-coterminal nested

FIG. 3. Determination of the 5' end of BEV mRNA 5. (A) The
nucleotide sequence upstream and downstream of the AUG codon
of ORF 5 is presented. The termination codon of the RNA 4 gene is
indicated, and the initiation codon of the RNA 5 ORF is underlined.
The position and sequence of synthetic oligonucleotides A, B, and C
are presented; the position of the 85-nt extension product of oligo A
is also shown. The endpoint of RNA 5 in the sequence is marked
with an arrow. Numbers indicate the distances to the start of the
poly(A) tail. (B) Analysis of primer extension products on a 6%
acrylamide-urea sequence gel. Oligo A was annealed to poly(A)-
selected RNA from BEV-infected (lane 5) and mock-infected (lane
6) EMS cells and extended by using reverse transcriptase. The
arrow points to an extension product of 85 nt (including the primer).
Samples from oligo A-primed sequencing reactions on a single-
stranded M13 DNA containing the BEV sequence from the poly(A)
tail to position 1074 (from cDNA clone p027) were used as markers
(lanes 1 through 4, lane order A-C-G-T). Therefore the sequence on
the autoradiograph is complementary to the sequence shown in
panel A. The nucleotide distance to the 5' end of the primer is
indicated. (C) Northern blot hybridizations of oligonucleotides to
poly(A)-selected RNA from infected cells. BEV RNAs are indicated
with their numbers. Synthetic oligonucleotides were prepared with
sequences 5' CTTTCTCTAAAGATAGT 3' (oligo B) and 5' TAGT
GTCTCTCACTAAC 3' (oligo C), complementary to nucleotides 704
through 688 and 717 through 701, respectively. Hybridizations
confirmed the RNA 5 endpoint, as determined by primer extension.

set of BEV sg RNAs, we next examined whether RNA 5 is
contiguous on the genome or contains a leader sequence that
is derived from an upstream region on the genome. RNA 5
constitutes approximately 50% of the intracellular BEV
RNA, and sequences diverging from the consensus sequence
would be likely to be found ifRNA 5 were noncontiguous on
the genome. The 5' ends of 15 possible full-length RNA 5
cDNA clones (insert sizes of about 700 nt) from the oli-
go(dT)-primed library were studied: no diverging sequences
could be identified. Most of the clones terminated close to
the AUG codon of the RNA 5 ORF. In the two clones
extending further upstream of the AUG codon (over a
distance of 39 and 111 nt, respectively), the sequences
remained identical to the consensus sequence. Primer exten-
sion on BEV RNA 5 was carried out by using a synthetic
oligonucleotide. Kinase-labeled oligonucleotide A (Fig. 3A)
was annealed to poly(A)-selected RNA from BEV-infected
cells and extended by using reverse transcriptase as de-
scribed in Materials and Methods. Electrophoresis on a
denaturing sequence gel revealed the presence of an exten-
sion product with a length of 85 nt, mapping the 5' end of
RNA 5 at position 704, 24 nt upstream of the AUG codon
(Fig. 3B). The amount of radioactivity in the 85-nt primer
extension product was too low to perform a Maxam and
Gilbert sequence analysis. To obtain direct evidence that the
sequence of the 5' end of RNA 5 was indeed identical to the
consensus sequence up to position 704, we hybridized the
intracellular BEV RNAs to synthetic oligo B (complemen-
tary to positions 704 through 688). RNA 5 did hybridize to
oligo B (Fig. 3C). Because of the nested set structure, all
other BEV RNAs hybridized to oligo B as well. In contrast,
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FIG. 4. Quantitative analysis of BEV mRNA UV transcription mapping. (A) Absence of repair was tested by [3H]uridine labeling

immediately after UV irradiation (0; 8.5 to 9.25 h postinfection) and from 45 to 90 min after irradiation (0; 9.25 to 10 h postinfection) in the
presence of dactinomycin. After trichloroacetic acid precipitation, the total amount of incorporated label was determined by scintillation
counting. Bars indicate the standard deviations; n = 4. (B) Quantitative analysis for individual BEV RNAs 1 (+), 2 (A), and 3 (0). Bands were
excised from the gel shown in Fig. SB, and incorporation was determined by scintillation counting. Graphs were fitted by linear regression
analysis. Correlation coefficients were 0.99, 0.96, and 0.88 for RNAs 1, 2, and 3, respectively.

oligo C, which overlapped oligo B for 4 nt and extended in
the 5' direction, did not hybridize to RNA 5, whereas the
other RNAs were found to be positive. Even under condi-
tions of low-stringency hybridization, BEV RNA 5 remained
negative with oligo C. These data illustrate that the 5' end of
RNA 5 does not diverge from the consensus sequence and
that the presence of a noncontiguous leader sequence on
RNA 5 is unlikely.
UV transcription mapping. The multiple virus-specific

RNAs could arise either by processing of larger precursor
molecules or from independent transcription units. We used
UV transcription mapping to distinguish between these two
possibilities. UV irradiation induces uracil dimers in RNA
molecules. It is assumed that formation of one dimer will
stop transcription of an RNA, that repair is slow or absent,
and that the number of hits at a given dose is proportional to
the time of irradiation and to the length of the template (for
a review, see reference 20). The distance between the
promoter and termination site of a transcription unit, i.e., the
target size T, was determined by measuring the UV inacti-
vation kinetics of the synthesis of its RNA product. Proc-
essing of one precursor into smaller RNAs would result in an
equal T for all products, whereas independent initiation of
RNA transcription would make UV sensitivity proportional
to the physical size of the RNA transcript. EMS cells were
infected at a multiplicity of infection of 20 and UV irradiated
with increasing doses at 8.5 h postinfection, just before viral
RNA synthesis reaches its maximum (21). The effect of UV
irradiation on the total RNA synthesis during 45 min postir-
radiation was determined by labeling the cells with
[3H]uridine in the presence of dactinomycin. A nonlinear
dose-response curve was obtained (Fig. 4A) which was
similar to the curve obtained for the UV inactivation of the
RNA synthesis of the coronavirus MHV-A59 (13). The
nonlinearity of the curve already suggested the presence of a
composite template. To demonstrate the absence of repair,
the UV-irradiated infected cells were labeled between 45 and
90 min after irradiation. A similar curve, but with decreased

levels of remaining RNA synthesis, was obtained, indicating
the absence of repair (Fig. 4A).

Analysis of the UV inactivation of the synthesis of the
individual RNAs was performed by agarose gel electropho-
resis of labeled BEV RNAs. The kinetics ofUV inactivation
ofRNA synthesis were shown to be related to the size of the
RNA: the smaller the RNA, the more resistant to UV was its
synthesis (Fig. 5A).
Because of the relatively low molarity of RNA 4 and the

small size ofRNA 5, the amount of [3H]uridine incorporated
into these RNA species was low. This prevented a solid
quantitative analysis of the data from RNAs 4 and 5.
However, target sizes could be calculated for the three larger
RNA species. For this purpose, bands were excised from the
gel shown in Fig. 5B, and radioactivity was quantitated by
scintillation counting (Fig. 4B). It can be concluded from
Fig. 4B that the logarithms of the rate of remaining synthesis
of RNAs 1, 2, and 3 are linearly correlated with the UV
doses, indicating that the Poisson distribution applies. The
slope of the curve decreased with the size of the RNA. The
value of the slope was used to calculate the target sizes for
RNAs 1, 2 and 3 (Table 1). The target sizes of these RNAs
were very close to their physical sizes.

Identification of possible RNA promoter sites. The indepen-
dent initiation of transcription, as demonstrated by UV
transcription mapping, suggests the presence of four RNA
promoters on the complementary template. ORFs 2 through
5 (Fig. 1) were each separated by short intergenic regions.
The 5' end of RNA 5 was mapped at position 704 of the
consensus sequence (see above), located in the middle of the
intergenic region between ORFs 4 and 5. The nucleotide
sequence surrounding the potential initiation site of RNA 5
showed a high degree of similarity to sequences in areas of
the other intergenic regions (Fig. 6A). A potential core
promoter sequence of 5' UCUUUAGA 3' could be identi-
fied; especially the areas surrounding the core promoter
sequences ofRNA 3 and 5 showed striking sequence homol-
ogies. An alignment of these regions is presented in Fig. 6B.
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FIG. 5. Electrophoretic analysis of BEV mRNA UV transcription mapping. (A) EMS cells were infected at a multiplicity of infection of
20 and UV irradiated at 8.5 h postinfection for 0, 15, 30, 45, 60, and 90 s. Immediately after UV treatment, cells were labeled with [3H]uridine
in the presence of dactinomycin for 45 min. RNA was analyzed on a 1% agarose gel as described before (21). (B) UV transcription mapping
was performed as described for panel A, but shorter irradiation times were used (0, 2, 5, 10, 15, 30, and 60 s) for a better analysis of UV
inactivation kinetics of the larger RNA species. Bands were excised from gel and used for a quantitative analysis, as described in the text and
in the legend to Fig. 4B.

In addition to the putative core promoter region, a second
box of homology was detected. A 14-nt sequence motif,
starting at 124 nt upstream of the ORF 3 AUG codon, was
also present at 111 nt upstream of the ORF 5 initiation
codon. In the area surrounding the two boxes of homology,
additional sequence similarities were found, including an
(A+U)-rich stretch starting approximately 50 nt upstream of
the core promoter sequence. The 3' end of ORF 1 did
overlap with ORF 2, meaning that an intergenic region was
formally absent. However, a sequence that was similar to
the core promoter region of the other RNAs was identified at
approximately 50 nt upstream of the ORF 2 AUG codon
(Fig. 6A).

DISCUSSION
Studies on torovirus replication are hampered by the

difficulty of obtaining sufficient viral material. BEV is the

TABLE 1. Comparison of UV target sizes and estimated physical
sizes for BEV RNAs 1, 2, and 3

Target sizec of
RNA K x P Physical template (kb)RNA WI(s) sizeb (kb)

A B

1 0.160 >20 28.9 25.7
2 0.038 6.8* 6.8* 6.1
3 0.013 2.1* 2.4 2.1*
a K x T was calculated from the relationship In (N,/N0) = -K X T X t. N,

is the amount of label incorporated into RNA after t seconds of UV
irradiation, T is the target size, and K is a constant.

b The physical size of RNA 1 was estimated from agarose gels (21). For
RNAs 2 and 3, values derived from sequence analysis were used, adding an
average of 150 nt for the poly(A) tail.
C BEV RNA 2 or 3 was used as an internal standard to calculate the target

sizes of the other RNAs. By substituting the values indicated by asterisks
(derived from sequence analysis) for the target sizes of RNA 2 (A) or RNA 3
(B), the value ofK was calculated as 1.60 x 10-8 or 1.81 x 108, respectively.
By using these values, the target sizes for the other RNAs were calculated.

only torovirus so far that can be grown in cultured cells, but
titers are low. The limited amounts of viral genomic RNA led
us to the use of mRNA from infected cells, containing both
viral genomic RNA and subgenomic RNAs, as a template for
cDNA synthesis. In this report we have shown that the
intracellular BEV RNAs form a 3'-coterminal nested set.
Four ORFs were identified, and their initiation codons were
shown to coincide with the approximate mapping of the 5'
ends of the four sg mRNAs. Because of the absence of a
genomic library, direct evidence for colinearity of the nested
set of mRNAs and the 3' end of the BEV genome is still
lacking. However, clones containing the region unique to the
genomic RNA have now been identified with the aid of
Northern blot hybridizations, and still no observations at
variance with colinearity have been made.

In vitro transcription and translation experiments have
demonstrated that ORFs 3 and 5 encode the BEV E and N
proteins, respectively (Snijder et al., unpublished data). The
size of the potential translation product of ORF 2 and the fact
that it contains a potential signal peptide and transmembrane
anchor suggest that ORF 2 encodes the peplomer protein.
The BEV genome expression, involving multiple, 3' colin-

ear sg mRNAs containing an ORF at their unique 5' end, is
not without precedent. A similar translation strategy has
been described for coronaviruses (for a review, see refer-
ence 22) and arteriviruses (25, 26). Like coronaviral
mRNAs, the mRNAs ofBEV are transcribed independently,
as shown herein. Poor [3H]uridine incorporation during UV
transcription mapping of BEV RNAs precluded reliable
target size determination for the smallest RNA species,
RNAs 4 and 5. The correlation coefficient of linear regres-
sion analysis on the RNA 3 data (Fig. 4B) was acceptable,
allowing comparison of the target sizes of RNAs 1, 2, and 3.
On the basis of sequencing data, RNA lengths were esti-
mated for RNAs 2 and 3 and used as internal standards in the
calculation of the target sizes for the other RNA species.
With either of these standards, the obtained target size
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A

RNA 2 (6741) uAa.agUigUUUAGuacuaGuu

RMA 3 (1937) cAc.uuUcUUUAGaagaaGgu

RNA 4 (1207) cAcuuaUcUUlUAGaagauGuu

RMA 5 (705) cAc.uaUcUUUAGagaaaGag

consensus cAcnunUcUUUAGaanaaGnu
t core

B

RMA 3 (2062)

RNA 5 (816)

RA 3 (1992)

RNA 5 (758)

RNA 3 (1922)

UUAUaaUCUUCUUCCUACUUgGauuacaUGGCuUACUUuaGGuUUUaGUUuGUuuaGuauAgUAaUaagIJ

UUAIJ.uUCUUCUUCCUACUUuG ...... UGGC.IUACUU ..GGgUUUuGUUgGUgguGguUAuUAuU ..uU

core

gGUAUUaaUAUuAUUuUguuUUUUgaaAUgAaUggUaAgGUgaagaAaaGuuAGuCACUuUCUUUAGAaG

aGUAUU. .UAUaAUUaUaagUUUUuguAUuAgUaaUIuAaGUagguuAguGagAGaCACUaUCUUUAGA.G
t

A >>Dl

AAeGuuG!CcAAaAUG . . uu .UInAnarAa-MllatlmUtr. rAIIII

RNA 5 (691) MaG.aGCCMAAUGaaUUcuaugcUuAauCCAAaUgcUGuGCCAUUU

FIG. 6. Nucleotide sequences possibly involved in the transcription ofBEV subgenomic RNAs. Numbers indicate the distance to the start
of the poly(A) tail. (A) A conserved nucleotide sequence was observed upstream of each BEV ORF. Nucleotides conserved in all four of these
postulated core promoter regions are represented in capital letters. Spaces introduced for alignment are indicated (. .); the arrow indicates
the first nucleotide of BEV RNA 5, as determined by primer extension (see the text). (B) Alignment of the nucleotide sequences surrounding
the core promoter regions of BEV RNAs 3 and 5. Matches are represented by colons; spaces introduced for alignment are indicated (. .
The upstream 14-nt match is underlined; the core promoter sequence, AUG codons of ORFs 3 and 5 (>>>), and the first nucleotide ofRNA
5 (arrow) are indicated.

values justify the conclusion of independent initiation of
transcription for RNAs 1, 2, and 3. Although the target sizes
for the templates ofRNAs 4 and 5 could not be calculated, it
is evident that neither RNA is the result of processing of a

large precursor. However unlikely it may be, we cannot
formally exclude the possibility that both RNAs are gener-
ated by splicing of a small precursor molecule.
The coronaviral sg RNAs contain a common sequence at

their respective 5' ends due to a leader-primed transcription
process. No evidence for the presence of such a leader
sequence in BEV RNAs has been obtained. For RNA 5, the
results of primer extension analysis and oligonucleotide
hybridizations suggest a 5' noncoding sequence of only 24
nucleotides, which does not diverge from the consensus

sequence of the nested set. It is not likely that the extension
of oligo A on RNA 5 was terminated prematurely due to
secondary structure of the RNA molecule; the experiment
was carried out in the presence of methylmercury hydrox-
ide, and electrophoresis demonstrated that the primer exten-
sion product was of homogeneous length. In addition, com-

puter analysis (Fold program; Computer Genetics Group,
University of Wisconsin) does not predict a strong second-
ary structure near the 5' end of RNA 5.

Sequence motifs from the area surrounding the 5' end of
RNA 5 are (partly) repeated at three other positions, just
upstream of each ORF. Their position near the 5' end of each
RNA suggests a role in sg mRNA transcription. The ob-
served putative core promoter sequence 5' UCUUUAGA 3'
occurs only in the regions upstream of ORFs 3, 4, and 5 and
has not been found elsewhere in the consensus sequence
obtained so far. The sequence 5' UGUUUAG 3', located
immediately upstream of ORF 2, is the best candidate for the
core promoter sequence involved in RNA 2 transcription.
This sequence may be less unique (it is found at four other
positions in the consensus sequence), but the area surround-
ing it shows the highest similarity to the regions surrounding
the putative core promoters of ORFs 3, 4, and 5.
For a number of animal and plant RNA viruses that are

known to produce sg mRNAs during their replication (7, 24),
RNA promoter sequences have been postulated. However,
in most cases these promoters have not been thoroughly
studied. In various alphaviruses a conserved 21-nt sequence
block is present on the genomic RNA near the transcription
initiation site used in sg RNA synthesis (18). The comple-
ment of this sequence has been postulated to be the recog-
nition site used by the viral transcriptase. Sequence motifs
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homologous to parts of the alphavirus core promoter se-
quence have been observed near the sg RNA transcription
initiation sites of several plant RNA viruses (5, 16). The
internal sg RNA promoter region of brome mosaic virus has
been characterized in more detail (5, 16). In addition to the
core promoter region, surrounding (A+U)-rich sequences
and an internal poly(A) tract have been shown to play a role
in the transcription of sg brome mosaic virus RNA 3.
Besides the interviral homologies described above, nucleo-
tide sequences are available from the sg RNA promoter
regions of several RNA plant viruses that produce more than
one sg RNA, like the tobamoviruses (6, 27) and the tobravi-
ruses (2, 9). These data allow a comparison of multiple
promoter regions from the same viral genome but do not
change the overall picture: sg RNA promoters seem to
consist of a more or less conserved core sequence that is
surrounded by similar, probably transcription-modulating,
sequences. No sequence homologies were observed be-
tween the promoter regions described above and the BEV
sequences that may be involved in sg RNA transcription.

In the case of brome mosaic virus RNA 3 transcription,
sequences upstream of the core promoter region seem to
play an enhancerlike role and determine the level of tran-
scription. For BEV a similar modulating effect is suggested
by the presence of extensive homologies in the regions
surrounding the core promoters of the two most abundant
BEV RNAs (RNAs 3 and 5). A detailed study of the BEV
promoter regions described above is required for a better
understanding of the sequences and mechanisms involved in
BEV sg RNA production.
Although toroviruses clearly differ in virion structure and

mechanism of sg RNA transcription, their genome organiza-
tion and expression are similar to those of coronaviruses.
Recently, the classification of positive-stranded RNA virus
families into alphaviruslike and picornaviruslike superfami-
lies was proposed (24). The coronavirus family did not fit
into any of these clusters. An analysis of the genetic infor-
mation of BEV, especially of the unique region of the
genome which most likely will encode the viral polymerase,
might provide a basis for the classification of toroviruses and
coronaviruses into a third superfamily. Experiments to make
such a comparison possible are in progress in our laboratory.
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