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A transcriptional analysis of the African swine fever virus (ASFV) I1226R and I1243L genes is presented.
Steady-state kinetics and transfection experiments showed the existence of a new temporal class of ASFV
mRNAs transcribed from these genes, with the characteristics of the poxvirus intermediate transcripts.
Transcription of the 1226R gene gave rise to intermediate and late mRNAs that started from different sites,
while the 1243L gene produced early, intermediate, and late mRNAs, also starting from different sites. The
presence of intermediate genes suggests a cascade model for the regulation of ASFV gene expression.

African swine fever virus (ASFV) infects different species of
swine as well as soft ticks of the genus Ornithodoros. In its
natural swine host, the warthog (Phacochoerus aethiopicus),
ASFV causes a mild disease with no clinical signs. By contrast,
the infection of domestic pigs (Sus scropha) with virulent
ASFV strains leads to a devastating disease, African swine
fever, with a very high mortality rate and for which no effective
vaccine is available (reviewed in references 21 and 24).

ASFV is a large enveloped DNA virus with an icosahedral
morphology (reviewed in references 21 and 22). Its genome is
a double-stranded DNA molecule with terminal inverted re-
peats (20) and hairpin loops (11), ranging in size from 170 to
190 kbp, depending on the virus strain (6). In the case of the
BA71V isolate, whose complete DNA sequence is known (25),
the genome is 170,101 nucleotides long and contains 151 major
open reading frames (ORFs), which are closely spaced along
the viral DNA. Both DNA chains are alternatively used as the
coding strand.

The temporal expression of ASFV genes is strongly regu-
lated, and the mature transcripts have a structure similar to
that of eukaryotic mRNAs, containing capped 5’ ends and
poly(A) tails at their 3’ termini (17). Experiments with cell-free
translation of virus mRNAs selected by hybridization to dif-
ferent genomic fragments showed the presence of two main
temporal classes of ASFV genes (18). Early genes are tran-
scribed in cells infected in the presence of protein or DNA
synthesis inhibitors by the virion-associated RNA polymerase.
Many of the early mRNAs are present in an active form late in
infection. An analysis of mRNA accumulation kinetics showed
the presence of a subclass of early genes, named immediate-
early genes, whose transcription is abrogated before the onset
of virus DNA replication, in a process that requires protein
synthesis (2). Late genes are expressed after the initiation of
DNA replication. Late transcription is, like early RNA synthe-
sis, independent of the host RNA polymerase II (16).

RNA mapping of several ASFV ORFs has shown that the
individual genes are tightly regulated independent transcrip-
tion units. Both early and late RNA syntheses start at a short
distance from the initiating ATG of the corresponding ORF,
giving rise to transcripts of defined sizes. Runs of seven or
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more thymidylate residues (7T motifs) on the coding strand
have been reported to act as signals for 3’ end formation in
both types of mRNAs (2, 3).

Although ASFV shares different properties with the other
two families of large cytoplasmic deoxyviruses, poxviruses and
iridoviruses, biochemical and morphological properties (re-
viewed in reference 22) as well as DNA sequence data (25)
indicate an intermediate position for ASFV between these two
viral families. Currently, ASFV is considered the only member
of an unnamed virus family (7).

In a previous study we analyzed by Northern (RNA) blotting
the transcription of ASFV genes present in the DNA fragment
EcoRI 1 (14). The complex pattern of transcription found makes
this region a good model to study the regulation of ASFV
transcription. Therefore, we initiated a detailed transcriptional
analysis of this fragment. Preliminary results showed that the
pattern of synthesis of some of the mRNAs corresponding to
the 1226R and 1243L genes was clearly distinguishable from
those described for other species of mRNAs. In this report, we
present the characterization of this fourth temporal class of
ASFV mRNA, which possesses the characteristics of the pox-
virus intermediate transcripts. The implications of this finding
for the regulation of ASFV transcription are discussed.

MATERIALS AND METHODS

Cells and virus. Vero cells, obtained from the American Type Culture Col-
lection, were routinely grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum. ASFV strain BA71V was propagated and
titrated as previously described (9). Virus inoculation of cell cultures grown in
100-mm-diameter plastic petri dishes was carried out at a multiplicity of infection
of 25 PFU per cell. To synchronize virus penetration, the adsorption was per-
formed at 4°C during 2 h in DMEM without sodium bicarbonate and supple-
mented with 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), pH 7.0. After adsorption, the monolayers were washed twice with
DMEM containing 2% fetal bovine serum and incubated at 37°C under 5% CO,.

RNA purification. Total cell RNA was obtained as previously described (19).
Briefly, after removal of the medium, cells were scraped and resuspended in
chilled phosphate-buffered saline. After centrifugation at a low speed for 5 min,
the cell pellets were resuspended in lysis buffer (4 M guanidinium thiocyanate,
0.1 M Tris-HCI [pH 7.5], 1% B-mercaptoethanol), layered on top of 3-ml cush-
ions of 5.7 M cesium chloride containing 10 mM EDTA, and spun at 300,000 X
g for 18 h. The RNA pellets were resuspended in diethyl pyrocarbonate (0.2%)-
treated H,O and ethanol precipitated twice.

Three different classes of total cell RNA were prepared from ASFV-infected
Vero cells. Immediate-early RNA was obtained at 7 h postinfection by infecting
the cells in the presence of 100 wg of cycloheximide per ml. Early RNA was
obtained at 7 h postinfection in the presence of 40 pg of cytosine arabinoside per
ml, and late RNA was obtained at 18 h postinfection in the absence of inhibitors.
As a control for all the experiments, total cell RNA isolated from mock-infected
Vero cells was used.

Primer extension. Primer extension analyses were done as previously de-
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scribed (19) with minor modifications. Ten micrograms of RNA was mixed with
approximately 50 X 10° cpm (approximately 0.1 pM) of the corresponding end-
labeled primer (5" TTCTCGCGGGATTAAAATCGTCTGTGTCCC 3’ for the
1226R gene and 5" TAAAGATTTGTCTCATAAATATGCATCCGC 3’ for the
1243L gene) and then ethanol precipitated. The DNA-RNA pellets were resus-
pended in 20 pl of hybridization buffer [40 mM piperazine-N,N’-bis(2-ethane-
sulfonic acid) (PIPES) (pH 6.4), 1 mM EDTA, 0.4 M NaCl, 80% formamide],
heated at 80°C for 10 min, and incubated at 22°C for 16 h. After hybridization,
the samples were ethanol precipitated, resuspended in 20 pl of reaction buffer
(50 mM Tris-HCI [pH 7.6], 60 mM KClI, 10 mM MgCl,, 1 mM each deoxynucleo-
side triphosphate, 0.1 U of RNAsin [Promega] per ml, 1 mM dithiothreitol, 50 g
of actinomycin D per ml), and incubated for 2 h at 37°C in the presence of 20 U
of avian myeloblastosis virus reverse transcriptase (Promega). The samples were
phenol extracted and ethanol precipitated, and the pellets were resuspended in
15 ul of H,O. After addition of 5 pl of loading buffer (50 mM Tris-borate [pH
8.3], 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue, 80% form-
amide), the samples were heated at 90°C for 5 min and loaded onto 6% poly-
acrylamide sequencing gels.

Transfection of cell cultures. Transfections were carried out by a liposome-
mediated protocol (10) with the synthetic cationic lipid DOTMA [N-1-(2,3-
dioleyloxy)propyl-N,N,N -trimethylammonium chloride] and the neutral lipid
PtdEtn (dioleoyl-L-a-phosphatidylethanolamine) as recommended by the sup-
plier (BRL/Life Technologies, Inc.). Preconfluent monolayers of Vero cells
grown in 100-mm-diameter plastic petri dishes were transfected with 1 pg of
DNA per 10° cells. Eighteen hours after transfection, the cell cultures were
washed twice with DMEM and infected with ASFV at 20 PFU per cell in the
presence of 40 g of cytosine arabinoside per ml. The infected cells were
harvested at 7 h postinfection, and total cell RNA was isolated as described
above.

RESULTS

Determination of the transcription initiation sites of the
1226R and I243L genes. Figure 1A shows the EcoRI restriction
map of ASFV BA71V DNA and the locations of ORFs I226R
and I243L within the ASFV genome. 5’ end mapping of
mRNAs was performed by primer extension analysis. The
primer used for the I226R gene hybridized only with late RNA
(Fig. 1B), in agreement with the previously reported data for
the expression of this ORF (14). After extension with reverse
transcriptase, two close clusters of bands were detected, cor-
responding to two groups of transcription initiation sites lo-
cated at positions +1 and —1 and positions —8 to —11 with
respect to the beginning of the first in-frame ATG codon of the
ORF (Fig. 1C). The mRNAs starting at positions —8 to —11
correspond to true late transcripts, whereas positions +1 and
—1 correspond to intermediate mRNAs (see below). Because
of the postreplicative nature of the intermediate transcription,
intermediate and late mRNAs are indistinguishable in this
experiment.

The primer used for 5’ end mapping of the 1243L gene
hybridized with total cell RNA obtained at early and late times
during virus infection (Fig. 1B), also in agreement with previ-
ous results (14). There are two different classes of extension
products for this gene: (i) extensions observed with early as
well as late RNA and corresponding to transcription initiation
sites at positions +1 to +4 and (ii) extension products detected
only with late RNA. In the latter case, a cluster is formed by
four bands that correspond to transcription initiation sites at
positions +8 to +11, and one extension corresponds to a start
site at position —1 (Fig. 1C). This single initiation site corre-
sponds to an intermediate mRNA (see below) that, as stated
above, is indistinguishable from the true late mRNAs in this
experiment.

Runs of seven or more thymidylate residues on the coding
strand have been reported to act as signals for mRNA 3’ end
formation in the case of both early and late ASFV mRNAs (2,
3). Taking into account the sizes of the transcripts of the 1226R
and 1243L genes, determined by Northern analysis (1.0 and 0.8
kb, respectively) (14), and the positions of the initiation sites
previously determined, the 3" ends should map near the runs of
9 and 10 thymidylate residues located at distances of 985 and
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884 nucleotides, respectively, from the first initiation site of
each gene (Fig. 1A).

Transcriptional Kinetics of the 1226R and 1243L genes. To
further characterize the temporal regulation of the expression
of the I226R and 1243L genes, the kinetics of accumulation of
their mRNAs were analyzed. For this, the relative amounts of
the different transcripts were measured throughout the ASFV
infectious cycle by primer extension analysis, using specific
32P-end-labeled primers and total cell RNA extracted from
infected cells at 2-h intervals during the infection.

The analysis of the transcriptional kinetics of these genes
showed that the different clusters of initiation sites are used at
different stages of the virus cycle. In the case of the I1226R gene
(Fig. 2), while transcripts initiating at the +1 and —1 sites
reached their highest level of accumulation at 6 to 8 h postin-
fection, the accumulation of mRNAs initiating at positions —8
to —11 followed a kinetics resembling that observed with late
genes, reaching their highest level at 14 to 16 h postinfection.

On the other hand, the study of the 1243L gene transcription
kinetics (Fig. 3) showed that the mRNAs synthesized from
three different groups of initiation sites accumulated with dif-
ferent kinetics. Initiations at positions +1 to +4, with respect
to the first in-frame ATG of the ORF, are active only during
the early phase of the infection, and the corresponding
mRNAs showed an accumulation kinetics similar to that pre-
viously described for ASFV early genes (2), while the kinetics
of transcription from the initiation sites at positions +8 to +11
is similar to that of the late I226R transcripts. Interestingly, the
results of this analysis showed that transcription from position
—1 of the 1243L gene resembles that starting at positions +1
and —1 in the I226R gene, with a maximum accumulation of
mRNA at 8 h postinfection. We conclude that 1243L is tran-
scribed throughout the infectious cycle and that the initiation
sites used by the transcriptional apparatus vary with the phase
of the replication cycle.

These studies show that both genes possess transcription
initiation sites which are specifically active during a period
clearly distinguishable from the early and late phases of the
virus life cycle, suggesting the existence of a fourth, previously
undetected, temporal class of ASFV genes that follow an ex-
pression pattern similar to that of the poxvirus intermediate
genes.

ASFV intermediate gene expression. Poxvirus intermediate
genes are expressed immediately after DNA replication and
before the onset of late gene transcription (23). Intermediate
transcription is dependent on trans-acting factors which are
present in an active state in virus-infected cells prior to the
onset of DNA replication. Expression of these genes leads to
the synthesis of late virus polypeptides (12, 13).

To determine whether the intermediate expression of the
ASFV I226R and 1243L genes has the same characteristics as
that of poxvirus intermediate genes, we have followed the
method described by Vos and Stunnenberg (23) for the detec-
tion of these genes. This method consists of the transfection of
plasmid vectors containing the gene under study into the cy-
toplasm of cells infected with the virus and treated with an
inhibitor of DNA replication. Under these conditions, plas-
mid-borne intermediate genes are expressed, whereas the cop-
ies of the same genes within the viral genome are repressed.
We therefore infected Vero cells with ASFV in the presence of
cytosine arabinoside, an inhibitor of DNA replication, and
then transfected the cells either with plasmid p(I)HindIII-2.3,
which contains the complete sequences of the [226R and 1243L
genes as well as their putative transcriptional control regions
(Fig. 4A), or with pUC19. Total cell RNA was purified at 7 h
postinfection, and the presence of 1226R- and 1243L-specific
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FIG. 1. 5" end mapping of the I226R and I1243L transcripts. (A) Locations of the I226R and I243L ORFs within the ASFV genome. An EcoRI map of ASFV BA71V
DNA and the localization of the I226R and 1243L ORFs, represented by solid arrows, within the EcoRI I fragment are shown. The locations of the runs of thymidylate
residues around the I226R and 1243L ORFs, potentially associated with mRNA 3’ end formation, are also shown. (B) Primer extension analyses of the 5’ ends of the
1226R and 1243L transcripts. Total RNA from mock-infected Vero cells (lanes U) and total immediate-early (lanes C), early (lanes A), and late (lanes L) RNAs from
ASFV-infected cells were used. An unrelated DNA sequencing reaction (DNA ladder) was used as size marker. The sizes (in nucleotides) of the major bands are
indicated. Only the informative areas of the gels are shown. (C) Sequences corresponding to the regions surrounding the 1226R and 1243L transcription start sites. The
boxes enclose in-frame ATG codons. The positions of the early (V¥), intermediate (@), and late (V) transcription initiation sites are indicated.
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FIG. 2. Steady-state levels of the different I226R transcripts throughout the
viral infection. (Upper panel) Detection of the I1226R-specific transcripts by
primer extension. Total cell RNA was isolated at the indicated times postinfec-
tion and hybridized with an oligonucleotide specific for I226R transcripts. After
primer extension, the elongated fragments were analyzed by polyacrylamide gel
electrophoresis and autoradiography. Only the informative area of the gel is
shown. (Lower panel) Quantification of the primer extension analysis. The re-
sults shown in the upper panel were quantified by densitometry and plotted as

the percentage of the maximum level of specific primer extension. Results for the
two different temporal species were plotted independently.

mRNAs was determined by primer extension analysis. As
shown in Fig. 4B, although mRNAs initiating at the early
1243L transcription sites are clearly detectable in cultures trans-
fected with either plasmid, the primer-extended product cor-
responding to the intermediate transcription initiation site is
found only in the sample corresponding to the cells transfected
with p(I)HindIII-2.3 (I243L, lane +). Similarly, products cor-
responding to mRNAs initiating at the 1226R intermediate
transcription sites are detected only in the case of cells trans-
fected with p(I)HindIII-2.3 (Fig. 4B, 1226R, lane +). It should
be noted that, as expected, the presence of the inhibitor of DNA
replication specifically prevented the synthesis of mRNAs from
the late transcription initiation sites of either gene. The results
indicate that the I1226R and 1243L genes belong to a new class
of ASFV genes with characteristics identical to those of pox-
virus intermediate genes.

Conserved sequences upstream of the I1226R and 1243L
ORFs. A comparison of the sequences immediately upstream
of the I226R and 1243L ORFs shows a high degree of similarity
(Fig. 5). Two regions, corresponding to positions —25 to —15
and —9 to +9, are highly conserved between the two se-
quences. Poxvirus intermediate promoters have conserved
core and initiator sequences at similar locations (4), but they
do not seem to have sequence similarity with the regions con-
served upstream of the ASFV intermediate genes. Although
this similarity is based on data for only two intermediate genes,
it is worth noting that sequences upstream of the transcription
initiation sites of ASFV early and late genes do not have
significant stretches of similarity.
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DISCUSSION

To study the mechanisms controlling ASFV gene transcrip-
tion, we have initiated a transcriptional analysis of the EcoRI
I fragment of ASFV DNA. Previous RNA hybridization data
(14) showed that this region was transcriptionally very com-
plex, thus providing an interesting model to investigate the
regulation of transcription in ASFV. Preliminary results re-
vealed that two of the genes present in this region, I226R and
1243L, gave rise to transcripts with a temporal pattern of syn-
thesis clearly distinguishable from that previously described for
other ASFV mRNAs. We therefore focused our analysis on
the characterization of I226R and 1243L gene expression.

1226R gene transcription is driven by two different temporal
control elements giving rise to intermediate and late mRNAs.
Sequence homology searches show no significant similarity be-
tween the 1226R sequence and any other sequence in the data
banks. However, its expression at intermediate times and the
fact that several of the reported intermediate genes in poxvi-
ruses are late transcription factors (12) raise the possibility of
a role for 1226R in the regulation of late gene expression.

1243L transcription produces three clearly distinguishable
temporal species of mRNA with the characteristics of those
transcribed from early, intermediate, and late genes. We have
previously reported the existence of a strong sequence similar-
ity between 1243L and the members of the TFIIS (SII) tran-
scription factor family (14). The similarity with the E4L (rpo30)
gene of vaccinia virus, which is also related to this family of
transcription factors, is especially interesting. The product of
the E4L gene was first described as the RNA polymerase
subunit RP030, and later it was found to be also responsible for
VITF-1 (intermediate transcription factor) activity (1, 8, 15).
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FIG. 3. Steady-state levels of the different 1243L transcripts throughout the
viral infection. (Upper panel) Detection of the 1243L-specific transcripts by
primer extension. Total cell RNA was isolated at the indicated times postinfec-
tion and hybridized with an oligonucleotide specific for 1243L transcripts. After
primer extension, the elongated fragments were analyzed by polyacrylamide gel
electrophoresis and autoradiography. Only the informative area of the gel is
shown. (Lower panel) Quantification of the primer extension analysis. The re-
sults shown in the upper panel were quantified by densitometry and plotted as
the percentage of the maximum level of specific primer extension. Results for the
three different temporal species were plotted independently.
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FIG. 4. Intermediate transcripts of the I226R and 1243L genes. (A) Structure
of plasmid p(I)HindIII-2.3. The positions of the different ORFs are indicated by
boxes. Arrows show the directions of I226R and 1243L transcription. (B) Primer
extension analysis of RNA derived from genomic and transfected genes. Total
cell RNA was isolated at 7 h postinfection from Vero cells infected in the pres-
ence of cytosine arabinoside and transfected with either plasmid p(I)HindIII-2.3
(+ lanes) or pUC19 (— lanes) as a control. Primer extensions were performed
with oligonucleotides specific for the 1226R or I1243L transcripts. After the
extension reaction, the elongated fragments were analyzed by polyacrylamide gel
electrophoresis and autoradiography. An unrelated DNA sequencing reaction
(DNA ladder) was used as size marker. Only the informative area of the gel is
shown. Arrows show the extensions specific for intermediate transcripts in p(I)
HindIII-2.3-transfected cells.

Although the E4L gene appears not to be transcribed from
intermediate start sites, transcription of both 1243L and E4L is
initiated from different sites at early and late times of infection,
giving rise to mRNAs with different first in-frame ATG
codons. The remarkable similarity between 1243L and E4L

+1
1226R TAATGAAAAAAACTTTTAAATTTTTGTTTTAATATTTGCATGAAAATGGAAACATT
1243L ACTTCTTTTTTTTGTATTAAATTTTAAAAAAAAATTTATATGAAAATGCATATAGC

CON P EE T T-T-AA-TTTT----- AA-ATTT--ATGAAAATG-A-A-A--

FIG. 5. Alignment of the sequences surrounding the transcription initiation
sites of the 1226R and 1243L genes. The sequences were aligned from the
initiating ATG codon of each ORF. Position +1 corresponds to the first nucle-
otide of the ATG codon. A consensus sequence (CON) is indicated. The posi-
tions of the intermediate start sites are underlined.

J. VIROL.

argues in favor of a similar dual role for 1243L in ASFV
transcription.

The finding of intermediate genes in ASFV indicates that
the temporal regulation of ASFV gene transcription is more
complex than previously thought. ASFV gene expression starts
immediately after infection by using the machinery present in
the virus particles, giving rise to two types of early mRNAs: (i)
immediate-early mRNAs show a peak at 2 to 3 h postinfection
and then decrease abruptly in a process that requires protein
synthesis; and (ii) early mRNA synthesis starts at the same
time, but the maximum levels are reached at 4 to 6 h postin-
fection, declining at late times coincidentally with maximum
DNA replication. The two intermediate mRNAs described in
this report are first detected at 4 to 6 h postinfection, coinci-
dent with maximum expression of early genes. These interme-
diate mRNAs reached maximum levels of accumulation at 6 to
8 h postinfection, decreasing sharply at later times. The begin-
ning of late gene expression is coincident with the maximum
levels of intermediate mRNAs, and late mRNA levels peak at
12 to 16 h postinfection, decreasing slowly thereafter.

Poxvirus genes are expressed at early, intermediate, or late
stages of infection, depending on their promoter sequences.
The factors required for transcription of each class of genes are
synthesized during the expression of the previous temporal
classes. Thus, the expression of poxvirus genes appears as a
cascade of transcriptional events. The intermediate class of
poxvirus genes plays a key role in this cascade, acting as a
switch for the entry into the late phase of the infectious cycle
(4, 13). The data presented here support a similar view for the
regulation of transcription of ASFV genes, because we have
detected the same temporal classes of genes, with expression
kinetics similar to those of their counterparts in poxvirus.

The similarity in transcription strategies between poxvirus
and ASFV, together with the presence of strong similarities in
DNA structure and in the enzymes involved in nucleic acid and
nucleotide metabolism, poses the interesting questions of
whether both groups of viruses evolved from a common an-
cestor and, if so, how they evolved to have such dramatic
differences in virion structure and in the strategies used to
evade the host immune system (5, 22, 25).
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