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a  b  s  t  r  a  c  t

African  swine  fever  virus  (ASFV),  a large,  enveloped,  icosahedral  dsDNA  virus, is  currently  the  only  known
DNA-containing  arbovirus  and  the  only  recognized  member  of  the  family  Asfarviridae.  Its  genome  encodes
more  than  150 open  reading  frames  that  are  densely  distributed,  separated  by  short  intergenic  regions.
ASFV  gene  expression  follows  a  complex  temporal  programming.  Four  classes  of  mRNAs  have  been  iden-
tified by  its  distinctive  accumulation  kinetics.  Gene  transcription  is coordinated  with  DNA  replication
that  acts as  the  main  switch  on  ASFV  gene  expression.  Immediate  early  and  early  genes  are  expressed
before  the onset  of DNA  replication,  whereas  intermediate  and late  genes  are  expressed  afterwards.  ASFV
mRNAs  have  a cap 1  structure  at its  5′-end  and  a  short  poly(A)  tail  on  its 3′-end.  Transcription  initiation
and  termination  occurs  at very  precise  positions  within  the  genome,  producing  transcripts  of  definite

length  throughout  the  expression  program.  ASFV  devotes  approximately  20%  of  its genome  to encode
the  20  genes  currently  considered  to be involved  in the transcription  and  modification  of  its  mRNAs.
This  transcriptional  machinery  gives  to ASFV  a  remarkable  independence  from  its  host  and  an  accurate
positional  and  temporal  control  of its gene  expression.  Here,  we  review  the components  of  the  ASFV  trans-
criptional  apparatus,  its  expression  strategies  and  the  relevant  data  about  the  transcriptional  cis-acting

control  sequences.

. Introduction

African swine fever virus (ASFV) is a large (≈200 nm), enveloped,
cosahedral double-stranded DNA virus with a lineal genome that
aries in size from 170 to 190 kbp depending on the strain, and con-
ains terminal inverted repeats and covalently closed ends (Sogo
t al., 1984; González et al., 1986; reviewed in Tulman et al., 2009).

The natural hosts of this virus are the wild swine warthogs,
ushpigs and the argasid ticks of the genus Ornithodoros. The

nfection of ASFV in these hosts results in a mild disease, often
symptomatic, with low viremia titers, that in many cases develops
nto a persistent infection (Anderson et al., 1998; Boinas et al., 2011;
leiboeker et al., 1998; Thomson et al., 1980; reviewed by Penrith
nd Vosloo, 2009). In contrast, infection of domestic pigs leads to

 lethal hemorrhagic fever for which the only available methods
f disease control are the quarantine of the affected area and the
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

limination of the infected animals (Penrith and Vosloo, 2009).
The strains completely sequenced encode between 151 and 167

pen reading frames closely spaced along both chains of the viral
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DNA. About half of them lack any known or predictable function
(Chapman et al., 2008; Yáñez et al., 1995). It is currently the only
known DNA-containing arbovirus and the only recognized member
of the family Asfarviridae (Dixon et al., 2012). It has been recently
reported the complete sequence of the type B DNA polymerase
(PolB) gene of Heterocapsa circularisquama DNA virus (HcDNAV,
Ogata et al., 2009) that shows a remarkable similarity with the PolB
sequence of ASFV. HcDNAV is a marine virus that lytically infects
the dinoflagellate H. circularisquama (Nagasaki et al., 2003; Tarutani
et al., 2001), an abundant and ubiquitous unicellular eukaryotic
component of the marine environments (Falkowski et al., 2004).
HcDNAV is also a large (180–210 nm)  icosahedral dsDNA virus,
but possesses a larger genome than ASFV (≈356-kpb). Sequence
searches and phylogenetic analyses with a partial sequence of the
putative RNA Polymerase gene of HcDNAV also produce a mono-
phyletic grouping between ASFV and HcDNAV, suggesting that
HcDNAV is a new member of the Asfarviridae family (Ogata et al.,
2009). These results, together with the data from a recent survey of
the oceanic virome that found several PolB-like sequences closely
related to the PolB sequence of ASFV, suggest that ASFV had its evo-
lutionary origin in the marine environments (Monier et al., 2008).

Comparative genome analysis indicates that ASFV belongs
 African swine fever virus transcription. Virus Res. (2012),

to nucleocytoplasmic large DNA viruses (NCLDVs), a apparently
monophyletic viral group infecting a broad variety of eukaryotes,
that currently includes the six virus families Asfarviridae, Ascoviri-
dae, Iridoviridae, Phycodnaviridae, Poxviridae, Mimiviridae and the

dx.doi.org/10.1016/j.virusres.2012.09.014
dx.doi.org/10.1016/j.virusres.2012.09.014
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
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mailto:mlsalas@cbm.uam.es
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merases, Pol I–III. This subunit is in close contact to promoter DNA
in the preinitiation complex and has been shown to interact with
the basal transcription factor TFIIB and to be one of the poten-
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roposed family Marseilleviridae (Iyer et al., 2001, 2006; Koonin
nd Yutin, 2010). The members of these families either have and
xclusively cytoplasmic replication, or it is initiated in the nucleus
nd is later completed in the cytoplasm of the infected cell; some
f them are relatively independent of the host cell transcrip-
ional machinery for replication. Lineage-specific gene loss and
ain within the NCLDV families, including horizontal gene transfer
cross the three cellular domains (Filée et al., 2008; Moreira and
rochier-Armanet, 2008)), and possibly horizontal gene exchange
f essential genes among viruses from different families (Yutin
t al., 2009), is thought to have contributed to the highly diverse
haracteristics of present-day forms, which complicates the estab-
ishment of their true evolutionary relationship. Although this is
articularly true for ASFV, being the only available representative
f the Asfarviridae family, ASFV is consistently paired along with
oxvirus as sister groups (Iyer et al., 2001, 2006; Koonin and Yutin,
010).

Despite the fact that they are morphologically very different,
oxvirus and ASFV share numerous biological characteristics like

ts genome structure and their almost complete independence on
heir hosts for genome replication and gene transcription.

Poxvirus replication is strictly cytoplasmic, although some
uclear proteins are an essential part of the poxviral transcription
achinery (Broyles et al., 1999; Rosales et al., 1994b; Wright et al.,

001). Despite the fact that a brief nuclear phase has been proposed
or ASFV (Ballester et al., 2011; Garcia-Beato et al., 1992a; Rojo et al.,
999), most of the replication and all the viral morphogenesis takes
lace in the cytoplasm of the infected cell. Neither virus possesses

ntrons.
ASFV devotes approximately 20% of its genome to encode the 20

enes currently considered to be involved in the transcription and
odification of its mRNAs. This transcriptional machinery gives
SFV a remarkable independence from its host and an accurate
ositional and temporal control of its gene expression. Here, we
eview the components of the ASFV transcriptional apparatus, its
xpression strategies and the relevant data about the transcriptio-
al cis-acting control sequences.

. ASFV proteins implicated in RNA transcription and
odification

Very little experimental characterization has been conducted on
he genes of the proteins involved in ASFV transcription. With the
xception of the identification of the guanylyltransferase activity
n protein pNP868R (Pena et al., 1993) and the mRNA decapping
ctivity on protein pD250R (Parrish et al., 2009) most of the infor-
ation gathered on Table 1 comes from the comparative analysis

f sequence databases (Chapman et al., 2008; Dixon et al., 1994;
áñez et al., 1995). Particularly helpful in this regard has been
he effort realized in the establishment and characterization of the
CLDV group (Iyer et al., 2001, 2006; Yutin et al., 2009). For most
f the putative homologies thus identified, the degree of similarity
etween the ASFV protein and the database protein is enough to
e confident that the ASFV protein has a similar or closely related
ctivity during the infectious cycle. In other cases, however, the
equence similarity is scarce or limited to a small protein domain
nd, although this does not preclude evolutionary relationship,
here is a reasonable possibility that evolution has reshaped the
ncestral protein for a different function in ASFV. Nonetheless, we
elieve that, without experimental data, this information is impor-
ant as a starting point for the experimental characterization of the
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

SFV transcriptional machinery.
The majority of the experimental work on ASFV transcription

as been realized using the BA71V strain, thus the nomenclature of
he BA71V genes and proteins has been maintained (Yáñez et al.,
 PRESS
esearch xxx (2012) xxx– xxx

1995). Table 1 lists the ASFV genes, the genes to whom they are
similar or, if there are experimental data, the activities identified
in the ASFV genes. It also lists the relevant references. For some
of the genes listed in the table, the nomenclature proposed by
Iyer et al. (2001) based on the putative orthologues of the model
orthopoxvirus vaccinia virus (VV) has been maintained.

2.1. Core components of the DNA dependent RNA polymerase

The majority of the components of the DNA dependent RNA
polymerase show a higher degree of similarity with eukaryotic
polymerases than with the polymerases of members of the NCLDV.
An outline of the subunits that compose the ASFV RNA polymerase
in comparison with those of the eukaryotic RNA polymerase II (Pol
II) is shown in Fig. 1.

2.1.1. RPB1 (Gene NP1450L of the BA71V strain) and RPB2
(EP1242L)

The ASFV virion contains an alpha-amanitine resistant DNA-
dependent RNA polymerase activity (Kuznar et al., 1980).
Experiments using inhibitors of the cellular Pol II show that the
cellular activity is not essential for viral replication (Salas et al.,
1988), which indicates that all temporal classes of ASFV genes are
transcribed by the virus-encoded RNA polymerase. Sequence anal-
ysis identified two  ASFV genes, NP1450L and EP1242L, that encode
proteins homologous to the two largest subunits (RPB1 and RPB2,
respectively) of the DNA-dependent RNA polymerases of eukary-
otes and members of the NCLDV viruses such as VV (Yáñez et al.,
1993a).  The similarity of both ASFV subunits is higher with the
polymerases of eukaryotes and the similarity domains conserved
between the eukaryotic and Escherichia coli subunits are basically
maintained in the ASFV proteins. However, both the VV and the
ASFV largest subunit lack the repetitive C-terminal domain of the
eukaryotic subunit (Broyles and Moss, 1986).

Expression of the two subunits occurs late during the infection,
thus the early transcription is realized by the structural RNA poly-
merase (Yáñez et al., 1993a). In VV, it has been demonstrated that
newly synthesized RNA polymerase is necessary for the transcrip-
tion of the postreplicative genes (Hooda-Dhingra et al., 1989).

2.1.2. RPB3 (H359L)
Gene H359L shows a high degree of similarity with the subunit

3 of the Pol II of eukaryotes (RPB3). RPB3 is a core subunit of Pol II
that, together with the RPB11 subunit, forms the heterodimer con-
sidered as a functional counterpart of the bacterial alpha subunit
homodimer involved in promoter recognition. RPB1, RPB2 along
with RPB3 and RPB11 are largely responsible for Pol II RNA cataly-
sis (Lee and Young, 2000). No similar protein is found in the genome
of poxvirus.

2.1.3. RPB5 (D205R)
The sequence of the carboxyterminal half of protein pD205R is

very similar to the eukaryotic subunit 5 of Pol II (RPB5) and contains
the signature domain of this protein superfamily, RNA pol Rpb5 C
superfamily (CCD; Marchler-Bauer et al., 2011). The RPB5 is a
highly conserved subunit shared by the three eukaryotic RNA poly-
 African swine fever virus transcription. Virus Res. (2012),

tial interaction targets for transcriptional activators (Todone et al.,
2000). ASFV encodes also a protein similar to the TFIIB factor. The
presence of a gene similar to RPB5 is one of the defining features of
NCLDVs (Iyer et al., 2006).

dx.doi.org/10.1016/j.virusres.2012.09.014


ARTICLE IN PRESSG Model

VIRUS-95836; No. of Pages 13

J.M. Rodríguez, M.L. Salas / Virus Research xxx (2012) xxx– xxx 3

Table 1
ASFV genes involved in RNA transcription and modification.

Similarity/activity ASFV gene References

RPB1 NP1450L Yáñez et al. (1993a)
RPB2 EP1242L Yáñez et al. (1993a)
RPB3 H359L Yáñez et al. (1995)
RPB5 D205R Dixon et al. (1994) and Yáñez et al. (1995)
RPB6 C147L Lu et al. (1993) and Yáñez et al. (1995)
RPB7 D339L Yáñez et al. (1995)
RPB10 CP80R Yáñez et al. (1995)
TFIIB C315R Iyer et al. (2006)
TFIIS I243L Rodríguez et al. (1992)
D6/D11-like D1133L/Q706L Baylis et al. (1993b), Iyer et al. (2001), Roberts et al. (1993) and Yáñez et al. (1993b)
A7-like G1340L Iyer et al. (2006)
I8-like B962L Yáñez et al. (1995)
A1-like B175L Iyer et al. (2001)
A2-like B385R Iyer et al. (2006)
A18-like QP509L/A859L Baylis et al. (1993b), Iyer et al. (2001), Roberts et al. (1993),  Yáñez et al. (1995) and Yutin et al. (2009)
Poly(A) polymerase C475L Iyer et al. (2006)
Capping enzyme NP868R Pena et al. (1993)
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mRNA decapping enzyme D250R Cartwright et a
DNA  topoisomerase II P1192R Baylis et al. (19
RNA  ligase M448R Iyer et al. (200

.1.4. RPB6 (C147L)
Protein pC147L is highly similar to the subunit 6 of the RNA poly-

erase of eukaryotes (RPB6) (Lu et al., 1993). RPB6 is an essential
ubunit in the three eukaryotic polymerases. This family also con-
ains the bacterial equivalent to RPB6, the omega subunit. RPB6 and
mega are structurally conserved and both function in polymerase
ssembly (Minakhin et al., 2001). Experimental evidence indicates
hat RPB6 plays an important role in the interaction between the
ol II and the transcription elongation factor TFIIS (Ishiguro et al.,
000). Interestingly, ASFV also encodes a protein similar to the TFIIS
hat is thought to be an intrinsic component of the polymerase
Rodríguez et al., 1992). No similar protein is found in the genome
f poxviruses.

.1.5. RPB7 (D339L)
Amino acids 9–79 of protein pD339L contain a protein–protein

nteraction SHS2 domain (Anantharaman and Aravind, 2004) with
n architecture SHS2 Rpb7-N (pfam03876), that is characteristic of
he SHS2 domains found in N-terminus of the archaeo-eukaryotic
NA polymerase II subunit 7 (RPB7). RPB7 bind to the RNA poly-
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

erase II subunit 4 to form a heterodimer. The complex RPB4/7 has
umerous functions. It mediates both transcription (Choder, 2004)
nd the two major cytoplasmic mRNA decay pathways (Lotan et al.,
007), it interacts physically and functionally with components of

ig. 1. Putative subunits of the ASFV RNA polymerase compared with those of the eukary
rom  Zhang et al. (2012).
2), Parrish et al. (2009)
d Garcia-Beato et al. (1992b)

the translation initiation factor 3, and is required for efficient trans-
lation initiation (Harel-Sharvit et al., 2010). No similar protein is
found in the genome of poxvirus.

2.1.6. RPB10 (CP80R)
ASFV gene CP80R encodes a protein highly similar to the

archaeo-eukaryotic RNA polymerase II subunit 10 (RPB10). The
RPB10 subunit is a zinc-binding protein with an atypical CX2CXnCC
metal binding motif that is conserved in CP80R (Woychik and
Young, 1990). In yeast, the mutation of any of the four completely
conserved Cys residues results in a lethal phenotype (Gadal et al.,
1999). RPB10 is essential for cell growth and is shared by all three
yeast RNA polymerases (Woychik et al., 1990). Given its small size
(55–80 amino acids) and the identification of mutants in RBP10
with assembly defects in yeast (Gadal et al., 1999), it has been
suggested that RPB10 plays a structural role in the polymerase
complexes (Mackereth et al., 2000). Iridovirus and poxvirus have
a conserved gene similar to RPB10.

2.2. Proteins similar to RNA polymerase II transcription factors
 African swine fever virus transcription. Virus Res. (2012),

2.2.1. TFIIB (C315R)
Protein pC315R shows moderate similarity with the homologue

to the transcription factor TFIIB of mimivirus and large unclassified

otic RNA polymerase II. The composition of eukaryotic RNA polymerase is adapted

dx.doi.org/10.1016/j.virusres.2012.09.014
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NA viruses (Iyer et al., 2006). A similar protein does not seem to be
resent in the genome of poxviruses. TFIIB is one of several general
ranscription factors that make up the RNA polymerase II preinitia-
ion complex. It interacts with the TATA binding protein (TBP) at the
ATA element (Nikolov et al., 1995), and is one of two indispens-
ble factors (along with TBP) for promoter-directed transcription
n vitro in two domains of life (eukaryotes and the archaea) (Parvin
nd Sharp, 1993; Bell et al., 2001).

.2.2. TFIIS (I243L)
Protein pI243L is similar to the E4L protein of VV and both of

hem are similar to the eukaryotic transcription elongation fac-
or TFIIS (Kim et al., 2007). A TFIIS-like protein is part of the core
et of conserved genes among the NCLDV families (Yutin et al.,
009; NCVOG0272). The similarity of I243L is slightly greater to
he eukaryotic transcription factor than to the E4L protein, and,
ike the eukaryotic factors, it lacks the carboxy-terminal extension
ich in proline and acidic residues characteristic of the E4L pro-
ein. TFIIS are extrinsic components of the polymerase whereas
4L has a dual role as a subunit (rpo30) of the VV RNA polymerase
Ahn et al., 1990), and as a transcription factor for the intermedi-
te gene expression (VITF-1) (Rosales et al., 1994a).  Experimental
vidence strongly suggests that both activities are independent, i.e.
he E4L protein associated with the polymerase as rpo30 is unable
o act as the VITF-1 (Rosales et al., 1994a).  Transcription of the E4L
ene is initiated from two closely spaced sites at early times and

 third at late times (Ahn et al., 1990). The different forms of the
4L polypeptide appear to be incorporated into RNA polymerase
s rpo30. Similarly, transcription of gene I243L is initiated at early,
ntermediate and late times of infection. Each of the three types of
ranscripts may  give rise to three different polypeptides by using
hree in-frame ATG codons (Rodríguez et al., 1996). This reinforces
he similarity between I243L and E4L and supports a similar role in
ranscription.

.3. Proteins similar to poxviral transcription factors

The genes belonging to this functional category are among the
ost characteristic proteins of NCLDV. Thus, A1-, A2- and A7-like

rthologous bear no significant similarity with any other eukaryotic
r viral protein present in the databases (Yutin et al., 2009). Several
ecades of continuous research on the molecular biology of VV, the
rototypical poxvirus, has resulted in a wealth of knowledge that
akes this viral family the natural reference on the functions of the

roteins that any NCLDV virus shares with it. We  will examine the
utative ASFV transcription factors and the roles of the orthologous
V protein in transcription.

.3.1. Proteins similar to prereplicative transcription factors
All the factors necessary for VV prereplicative transcription are

ncoded in the viral genome, are expressed late during the infection
nd are encapsidated in the viral particle. ASFV encodes proteins
ith various degrees of similarity to all of them. Among these is
SFV protein NP868R, orthologous to the catalytic subunit of the
V capping enzyme. Besides its role in the construction of the 5′

ap structure of VV mRNAs (Shuman et al., 1980), this VV enzyme
as been shown to participate in the prereplicative transcription
ermination (Shuman and Moss, 1988) and in the initiation of
he intermediate transcription (Vos et al., 1991). We  will discuss
P868R below, as the capping enzyme, along with other proteins

nvolved in mRNA modification.
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

.3.1.1. D6/D11-like proteins (D1133L/Q706L). Although not classi-
ed as true orthologous to the VV proteins encoded by genes D6R
nd D11L, ASFV genes D1133L and Q706L belong, like the VV genes,
o the DEAD SNF2 like family of helicases (Yutin et al., 2009). Genes
 PRESS
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of this family are present in the genome of all members of the
NCLDV. Very little is known about these ASFV genes, except that
D1133L is expressed after DNA replication (Yáñez et al., 1993b).

D6R encodes the small subunit of the VV early transcription
factor (VETF) (Broyles and Fesler, 1990), and D11L the nucleo-
side triphosphate phosphohydrolase I (NPH-I) (Deng and Shuman,
1998; Christen et al., 1998). NPH I is a DNA-dependent ATPase with
no helicase activity. Five of the six helicase motifs in NPH I are essen-
tial for termination factor activity (Christen et al., 1998). It plays
two different roles in transcription, it acts as a polymerase elonga-
tion factor to facilitate readthrough of intrinsic pause sites, and in
conjunction with the VV termination factor, catalyzes the release
of the nascent RNA from the elongation complex at the signal of
transcription termination (Deng and Shuman, 1998).

VV VETF is a heterodimeric protein composed by the products of
the D6L and A7L genes (Broyles and Fesler, 1990; Gershon and Moss,
1990). During transcription initiation, the complex recruits RNA
polymerase to the template (Li and Broyles, 1993) and induces pro-
moter bending (Broyles et al., 1991). The intrinsic DNA-dependent
ATPase activity of VETF is due to the protein encoded in D6L  (Broyles
and Fesler, 1990).

2.3.1.2. A7-like (G1340L). ASFV gene G1340L is orthologous to the
A7L gene of VV; proteins belonging to this cluster are present
in all NCLDV families except phycodnavirus (Yutin et al., 2009).
A7L product is the larger component of the VETF (Gershon and
Moss, 1990), the only known poxvirus-encoded promoter-binding
protein, that has no apparent enzymatic activity. Cross-linking
experiments (Cassetti and Moss, 1996) showed that both subunits
of VETF interact with DNA at the promoter sequence; the larger
subunit binds primarily with the core region (−29 to −12), in a
sequence specific manner (Broyles et al., 1991) and directs the bind-
ing of the small subunit at the downstream (+8 to +10) region of
the promoter.

2.3.1.3. I8-like (B962L). ASFV late gene B962L is orthologous to the
I8-like group on NCLDV proteins (Yáñez et al., 1993b). Members
of this group are also present in poxvirus and mimivirus (Yutin
et al., 2009). The VV orthologous I8L gene encodes the nucleo-
side triphosphate phosphohydrolase II (NPH-II; Shuman, 1992).
It belongs to the superfamily II of helicases and its biochemical
analysis has contributed to define the characteristics of the heli-
case family NS3/NPHII (Fairman-Williams et al., 2010). Although
the specific function of NPH-II remains unknown, this enzyme pos-
sesses RNA and DNA helicase activities (Bayliss and Smith, 1996),
and is thought to play an important accessory role in transcriptional
termination of early viral genes in vivo.

2.3.2. Proteins similar to intermediate transcription factors
ASFV encodes two orthologous to two VV intermediate tran-

scription factors, gene I243L and the large subunit of the capping
enzyme. I243L has been already mentioned as the homologous to
the TFIIS transcription elongation factor and the capping enzyme
will be discussed below.

2.3.3. Proteins similar to the late transcription factors A1- and
A2-like (B175L, B385R)

ASFV encodes two genes orthologous to the late transcription
factors of VV, B175L, which is an A1-like gene, and B385R, that
belongs to the A2-like cluster of orthologous genes. All the analyzed
genomes of the NCLDVs have genes that belong to these clusters
 African swine fever virus transcription. Virus Res. (2012),

(Yutin et al., 2009).
A1L and A2L are regulated by intermediate promoters, and do

not have any known enzymatic activity. The products of these two
genes along with that of the G8R gene were necessary and sufficient

dx.doi.org/10.1016/j.virusres.2012.09.014
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or transactivation of a late promoter in cells infected with VV that
ere blocked in DNA replication (Keck et al., 1990).

.3.4. Proteins similar to the intermediate/late termination factor
QP509L, A859L)

ASFV encodes two genes orthologous to the A18R gene of VV
hat are grouped along with proteins of each of the members of the
CLDV, except for Ascovirus, in cluster NCVOG0076 (Yutin et al.,
009). They have the motifs characteristic of the superfamily II of
elicases. VV A18R encodes a protein that is expressed throughout

nfection and is packaged into virions (Simpson and Condit, 1994).
t has helicase and ATPase activities (Simpson and Condit, 1995;
ayliss and Condit, 1995; Bayliss and Smith, 1996). Mutation of the
18R gene results in read through transcription from intermediate
romoters into downstream genes (Xiang et al., 1998) suggesting
hat it could function as a transcript termination factor of the inter-

ediate genes. It has also been shown to act in vitro as a transcript
elease factor dependent on ATP hydrolysis (Lackner and Condit,
000).

.4. Proteins involved in mRNA modification

.4.1. Poly(A) polymerase (C475L)
ASFV mRNAs are characterized by the presence of poly(A) tails

t their 3′-ends. The protein encoded in the ASFV C475L gene has
een recently identified as having a moderate sequence similarity
ith the poly(A) polymerases of members of the NCLDV (Iyer et al.,

006; Yutin et al., 2009; NVCOG1165). Orthologous to this protein
re present in poxvirus and mimivirus, although the sequence simi-
arity is higher with the mimivirus genes. They are highly divergent

embers of the polß nucleotidyltransferase superfamily, typified
y the eukaryotic DNA polymerase ß (Aravind and Koonin, 1999).

n the poxvirus VV, the poly(A) polymerase is an heterodimer of
P55, the catalytic component, and VP39, that acts as a proces-
ivity factor. Without VP39, VP55 adds short (≈35 nucleotides)
oly(A) tails before dissociating from the RNA substrate, whereas

n the presence of the processivity factor, VP55 does not dissociate,
roducing longer (up to 600 nt in vitro) poly(A) tails (Gershon and
oss, 1990). No protein similar to VP39 has been identified in ASFV.

nterestingly, the mean length of the poly(A) tails of the in vitro
ranscribed ASFV mRNAs is 33 nucleotides (Salas et al., 1981), sim-
lar to that produced by the catalytic subunit of VV in the absence
f the processivity factor.

.4.2. Capping enzyme (NP868R)
The presence of a cap structure in the 5′-end of the mRNAs

s a common characteristic of the mRNAs of eukaryotes and of
any viruses that infect eukaryotes. It consists on a N7-methyl-

uanosine moiety linked to the first transcribed nucleotide (N) by
 5′–5′ triphosphate bridge, resulting in the structure m7GpppN
cap 0 structure). Commonly, a second methylation is found in
he ribose of the N nucleotide, at the 2′-O position (cap 1 struc-
ure), and in some cases additional methyl groups are added to
he first and second transcribed nucleotides (cap 2 structure).
he 5′-cap facilitates export, splicing, translation initiation and
rotects mRNAs from degradation by 5′-exonucleases. The cap 0
tructure is constructed by the coordinate action of three enzy-
atic activities in the 5′-triphosphate end of the nascent RNA:

1) an RNA triphosphatase (RTPase) removes the �-phosphate of
he transcript; (2) an RNA guanylyltransferase (GTase) caps the 5′-
iphosphate RNA with GMP; and (3) an RNA methyltransferase
MTase) adds a methyl group at the 5′-guanine base at the N7
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

osition (reviewed in Shuman, 2002). Gene NP868R encodes the
SFV capping enzyme. Experimentally, protein pN868R has been
hown to have guanylyltransferase activity (Pena et al., 1993). The
equence of this protein resembles the domain organization of the
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D1 subunit of the VV capping enzyme and the mimivirus capping
enzyme (Benarroch et al., 2008). While in eukaryotes these three
activities are encoded by two or three different genes (Shuman,
2002), the capping enzymes of these three viral families show a
remarkable compactation. They are multifuntional polypeptides
composed of N-terminal RTPase, central GTase, and C-terminal
MTase domains (Benarroch et al., 2008). The VV capping machin-
ery is composed of two  subunits, D1 and D12  (Shuman, 1990),
however, the D12 subunit, that has an stimulatory role on the
MTase activity of the D1 subunit, shows no sequence similarity with
any other known protein except to homologous present in other
poxviruses.

VV mRNAs acquire its final 5′-cap 1 structure by 2′-O-
methylation of the first transcribed nucleotide by the VP39 protein,
which, as seen before, is also a processivity subunit for the viral
poly-A polymerase (Schnierle et al., 1992). ASFV mRNAs have also
a cap 1 structure in the 5′-end, but as indicated before, the pro-
tein responsible for the 2′-O-methyltransferase activity in ASFV is
currently unknown.

2.4.3. mRNA decapping enzyme (D250R)
Gene D250R (or g5R in other ASFV strains) encodes a protein

with a NUDIX (NUcleoside DIphosphate linked to some other moi-
ety X) hydrolase motif (Bessman et al., 1996; Koonin, 1993). This
motif characterizes a widely distributed family of proteins with
genes present in viruses, prokaryotes, and eukaryotes, and includes
enzymes such as Ap4AP (adenosine 5′-tetraphospho-5′-adenosine
pyrophosphatase), MutT pyrophosphohydrolase, GDPMH (GDP-
mannose mannosyl hydrolase) and decapping enzymes (reviewed
in McLennan, 2006). In viruses, the presence of NUDIX hydrolases
is almost restricted to the members of the NCLDV, where it is one
of the core set of genes common to most families (Iyer et al., 2006;
Yutin et al., 2009).

Protein pD250R has been shown to have two  different enzy-
matic activities in vitro; it has a diadenosine hexaphosphate (Ap6A)
hydrolase activity (Cartwright et al., 2002), and hydrolyzes the
mRNA cap, liberating m7GDP as a product (Parrish et al., 2009).

Its diadenosine hexaphosphate (Ap6A) hydrolase activity is able
to hydrolyze a range of guanine and adenine nucleoside and dinu-
cleoside polyphosphates but exhibits highest substrate efficiency
with diphosphoinositol pentakisphosphate (PP-InsP5). Although
the functional significance of this reduction in PP-InsP5 during the
infection remains unclear, it has been suggested that the control of
the metabolism of PP-InsP5 could be related to the manipulation by
the virus of the components of cellular secretory pathways during
viral morphogenesis (Cartwright et al., 2002).

The decapping activity of pD250R does not cleave free cap ana-
logues in vitro (Cartwright et al., 2002), but is able to hydrolyze
efficiently the mRNA cap when attached to a RNA molecule (Parrish
et al., 2009). It is abolished by mutations on the Nudix motif. Protein
pD250R binds to RNA, this being inhibited by uncapped RNA but not
by methylated cap analogs, suggesting that it recognizes the RNA
moiety on the target substrate. The D250R gene shows a greater
sequence similarity with the G10 gene of VV, which encodes one of
the two mRNA decapping enzymes (along with D9)  present in the
genome of this virus. Over-expression of the D9 or D10 genes dur-
ing VV infection produces an enhanced turnover of capped mRNA
molecules (Shors et al., 1999). The deletion of the D10R gene from
the VV genome results in the persistence of cellular and viral trans-
cripts and a delay in the shutoff of host protein synthesis (Parrish
and Moss, 2006). These results indicate that the two  decapping
 African swine fever virus transcription. Virus Res. (2012),

activities increase the turnover of cellular and viral mRNA during
the infection, which might contribute to an acceleration of the shut-
off of host proteins synthesis and to the generation of the sequential
cascade of viral gene expression. A similar role has been proposed

dx.doi.org/10.1016/j.virusres.2012.09.014
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or the decapping activity of pD250R during ASFV infection (Parrish
t al., 2009).

.4.4. Topoisomerasa II (P1192R)
Protein pP1192R of ASFV has an extensive sequence similar-

ty with Type II topoisomerases (Baylis et al., 1992; Garcia-Beato
t al., 1992b). Genes encoding these enzymes are also present in the
enome of all the members of the NCLDV families. Thus, iridovirus,
hycodnavirus and marseillevirus also have a Type II enzyme,
hereas poxviruses encode a Topoisomerase IB and mimivirus

ncode both types of enzymes. Topoisomerases deal with topo-
ogical problems that arise due to the double helical nature of DNA
uring replication, transcription and recombination. The possible

nvolvement of the viral topoisomerase II in early transcription is
uggested by the finding that the specific inhibitor of this enzyme,
oumermycin A1, inhibits in vitro transcription by ASFV virions
Salas et al., 1983).

.4.5. RNA ligase (M448R)
ASFV gene M448R encodes a protein with similarity to the T4

NA ligase 1 (Rnl1) family of RNA ligases (Silber et al., 1972).
rthologues to M448R are found in iridovirus, ascovirus and
arseillevirus, although some catalytic residues are not main-

ained (Iyer et al., 2006; Yutin et al., 2009; NCVOG1088). It is
lso similar to the aminoterminal RNA ligase domain of the
aculovirus AcNPV ORF86 (BacRnl1), a baculovirus trifunctional
nzyme with RNA ligase, polynucleotide 5′-kinase, and polynu-
leotide 3′-phosphatase activities (Martins and Shuman, 2004). The
unction of Rnl1 in vivo is to counteract the RNA damage-based
mmune response of E. coli to virus infection. Bacteriophage T4
nfection activates a host-encoded anticodon nuclease, PrrC, that
roduces a break in the anticodon loop of E. coli tRNALys (Blanga-
anfi, 2006). The depletion of the tRNALys blocks phage protein
ynthesis and arrests the infection before it can spread. How-
ver, the end-healing and end-sealing reactions catalyzed by the
4 bifunctional polynucleotide kinase/phosphatase (Pnkp) and T4
nl1 repair the broken tRNAs bypassing the host defense mech-
nism (Amitsur et al., 1987). The single trifunctional baculovirus
nzyme BacRnl1 catalyzes the same repertoire of RNA repair reac-
ions that the two enzymes that compose the T4-encoded tRNA
epair system. The limited distribution of BacRnl1 among known
aculovirus genera and the inessentiality of BacRnl1 for AcNPV
eplication in cell culture imply that RNA repair is a recent acquired
apacity that may  be relevant to baculovirus host range, by pro-
iding AcNPV with a means to evade an RNA damage-based host
esponse (Martins and Shuman, 2004). There are no experimental
ata regarding the role of M448R during ASFV infection.

. Temporal regulation of ASFV gene expression

ASFV gene expression occurs under a strict temporal regulation
hrough a tight control at the level of transcription initiation and a
ast rate of mRNA degradation (Fig. 2). DNA replication divides the
nfection cycle in an early phase, before the onset of DNA repli-
ation, and a late phase, after DNA replication begins. To avoid
onfusion, we will refer as prereplicative and postreplicative to
enes expressed before and after DNA replication.

Four classes of transcripts with a distinct accumulation kinetics
ave been detected by primer-extension and nuclease S1 analysis
f mRNA obtained at different times after infection and in the pres-
nce of inhibitors of DNA and protein synthesis (Almazán et al.,
992, 1993; Rodríguez et al., 1996). Transcription of prereplica-
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

ive genes starts almost immediately after virus infection and for
he early genes it continues until the initiation of DNA replica-
ion. However, the expression of a subset of the prereplicative
enes called immediately early is repressed before, in a process
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that requires protein synthesis. Two classes of transcripts are
expressed in the postreplicative stage of the infection, intermedi-
ate transcripts are synthesized immediately after DNA replication
is initiated whereas the transcription of the late genes occurs
after the intermediate ones and continues until the end of the
infection. This fine regulation is thought to occur by a cascade
mechanism similar to that of poxviruses (Broyles, 2003), where
the transcription factors necessary for the expression of the inter-
mediate genes are expressed at early times, the factors necessary
for the expression of the late genes are encoded on the interme-
diate genes, and those necessary for the transcription of the early
genes are expressed at late times and are packaged into the viral
particles.

3.1. Prereplicative phase of gene expression

Experimentally, ASFV prereplicative genes are defined by its
expression in cells infected in the presence of inhibitors of DNA
replication (Salas et al., 1986). Early and immediate early genes are
differenced by comparing their relative expression in cells infected
in the presence of inhibitors of DNA replication and protein expres-
sion. Early genes are found at a similar extent in both types of RNAs,
whereas bona fide immediately early genes are barely detectable
in mRNA from cells infected in the presence of inhibitors of DNA
replication (Almazán et al., 1992).

The transcription initiation sites have been determined for
approximately 20 ASFV prereplicative genes (Fig. 3). The majority
of them (14) belong to the multigenic families, which are thought
to be involved in the control of the host response to the infection
(Afonso et al., 2004), others are involved in DNA replication (2),
or encode proteins with unknown function. In the case of VV, for
which the complete transcriptome has been determined, 118 of
its proximately 200 genes are expressed before the onset of DNA
replication. They encode proteins involved in transcription, DNA
replication and in the control of the host response to the infection
(Yang et al., 2010).

3.1.1. In vitro transcribed mRNAs
The characterization of the structure and composition of ASFV

mRNAs was performed using in vitro transcribed mRNA (Salas
et al., 1981). When purified ASFV particles are permeabilized with
detergents and incubated with ribonucleotides, they are able to
synthesize viral mRNAs with methylated CAP structures at their
5′-ends and poly(A) tails at their 3′-ends.

Among the enzymatic activities identified in the viral par-
ticles directly involved in RNA trascription are DNA-dependent
RNA polymerase (Kuznar et al., 1980), RNA triphosphatase, guany-
lyltransferase, (guanine-N7) methyltransferase, (nucleoside-2′-O-
)methyltransferase, Poly(A) polymerase and a viral topoisomerase
II (Salas et al., 1981, 1983). With the exception of the nucleoside-
2′-O methyltransferase, these activities have been assigned to viral
genes (Table 1) in base to their sequence similarities to functionally
characterized genes.

Additionally, protein kinase (Baylis et al., 1993a; Polatnick et al.,
1974; Salas et al., 1988) and nucleic-acid-dependent ATPase activ-
ities (Kuznar et al., 1981) have been identified in the viral particles,
although the role of these enzymes in transcription remains to be
determined.

The in vitro transcribed mRNAs show no internal methyla-
tion, and have an average length of their 3′-poly(A) chains of
33 nucleotides. The majority (91%) of the transcripts have cap 1
structures (m7G(5′)ppp(5′)(A/G)m), of which 76% have an A as the
 African swine fever virus transcription. Virus Res. (2012),

penultimate nucleotide. However, in a small percentage of the
transcripts (8%) the methylation of the first transcribed nucleotide
does not require a methylated terminal guanosine, unlike the VV 2′-
O-methyltransferase (Barbosa and Moss, 1978; Salas et al., 1981).

dx.doi.org/10.1016/j.virusres.2012.09.014
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Fig. 2. Accumulation kinetics for immediately early (blue line, gene I215L), early (green line, gene I73R), intermediate (yellow line, intermediate transcripts of gene I226R)
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nd  late (red line, gene I329L) transcripts throughout the viral infection. Primer ext
ranscripts. The quantity of each transcript is plotted as the percentage of the maxim
he  references to color in this figure legend, the reader is referred to the web versio

t is important to note the ribose 2′-O-methylation of the ASFV cap,
ince this modification has been shown to play an essential role in
vading antiviral responses of the cells to some viruses, including
he poxviruses (Daffis et al., 2010; Zust et al., 2011). Unfortunately,
s mentioned before the gene encoding the 2′-O-methyltransferase
f ASFV has no been identified so far.

The in vitro transcribed mRNAs resemble those obtained
y infections in the presence of inhibitors of DNA replica-
ion, i.e. early and immediately-early genes, mapping to similar
egions in the viral genome and yielding translation prod-
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

cts of similar size distribution (Salas et al., 1986), suggesting
hat ASFV initiates early gene transcription immediately upon
nfection.

ig. 3. Alignment of 5′-flanking sequences of prereplicative ASFV genes. Sequences were
as  designated as −1. The positions of the transcription initiation sites are shown in bold

Yáñez  et al., 1993c), A280R, A498R, A505R, A506R, A528R and A542R (Rodriguez et al., 19
t  al., 1993b), J268L (Almazán et al., 1995), L270L, U104L, V82L, Y118L and XP124L (Alma
n assays were used to detect and measure steady state RNA levels for the different
evel. Data from Rodríguez (1993) and Rodríguez et al. (1996). (For interpretation of
e article.)

3.1.2. Early transcription
ASFV early gene expression in infected cells is detectable using

primer extension assays as early as 1 h p.i. (JMR, unpublished
results), but in general transcripts are abundant at 2 h post infec-
tion (hpi), with a plateau in accumulation at 2–6 hpi (Almazán et al.,
1992; Rodríguez, 1993; and Fig. 2) depending on the gene, and
a sharp decrease in concentration from 8 to 10 hpi, coincidental
with the increase in DNA replication. The fast reduction observed
in the abundance of prereplicative transcripts between 8 and 10 h
post-infection indicates that they are rapidly degraded. However,
 African swine fever virus transcription. Virus Res. (2012),

a low, but detectable level of prereplicative transcripts has been
observed through the late times, and has been attributed to a basal
activity of their promoters throughout the postreplicative phase

 aligned by their transcription initiation site closest to the ATG of the ORF, which
 and underlined. References are as follows: A151R (JMR, unpublished data), A240L
94), CP204L, DP238L, I73R, I215L and I267L (Rodríguez, 1993), G1207R (Rodríguez

zán et al., 1992).

dx.doi.org/10.1016/j.virusres.2012.09.014
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f the infection (Almazán et al., 1992). Finally, the reactivation of
he expression very late during the infection (20 hpi) is a common
henotype shared by the majority of the early and immediately
arly genes that have been characterized in detail (Almazán et al.,
992; Rodríguez, 1993; and Fig. 2). A similar phenomenon of
eactivation of early gene expression late during the infection has
een described in VV (Garces et al., 1993; Masternak and Wittek,
996), where it has been regarded as a consequence of the pres-
nce of all the machinery necessary for the early transcription and
he template DNA during the viral morphogenesis. A similar mech-
nism is likely to apply to the reactivation observed in ASFV early
enes.

The transcriptional mapping of the members of multigene fam-
ly 110 provided a clear image of the structure of the prereplicative
SFV transcriptional units. The five genes analyzed are organized
s five tightly packed non overlapping transcriptional units. Their
ranscripts have a defined length, initiating at 8–70 bp upstream of
he corresponding ORF and terminating at one or more sites located
ownstream of the termination codon of the ORF, thus indicating
he existence of an accurate transcriptional control. In all detected
ranscripts of these genes, the first AUG codon from the 5′-end coin-
ides with the predicted translational initiation site of the gene.
he 3′-ends map  within a strictly conserved sequence motif, con-
isting on a run of seven or more consecutive thymidylate residues
7T), found within the intergenic regions. Four to six thymidylate
esidues where incorporated in the 3′-end of the sequenced mRNAs
ollowed by a poly(A) tail of 15–54 nucleotides consistent with a

odel in which the 3′-end of ASFV genes are generated by trans-
riptional termination in the 7T signal, followed by poly(A) addition
Almazán et al., 1992).

.1.3. Immediate early transcription
Two genes have been identified as belonging to the immediate

arly temporal class, L270L, a member of the multigene family 110
Almazán et al., 1992), and I215L, a protein similar to the ubiqui-
in conjugating enzymes (Rodríguez et al., 1992; Rodríguez, 1993;
ig. 2). Both genes share the same defining characteristics: they
re barely detected when analyzed on mRNA obtained from cells
nfected with ASFV in the presence of DNA replication inhibitors but
re strongly detected when the infection is carried out in the pres-
nce of an inhibitor of protein synthesis. Comparison of detailed
ccumulation kinetics (1 h-interval from 1 to 6 hpi) show that both
emporal classes of mRNA accumulate up to 3 hpi, when, in cells
ntreated and in cells treated with an inhibitor of DNA replica-
ion, the synthesis of immediate early transcripts is silenced. The
ilencing was completely prevented when the infected cells were
ncubated with an inhibitor of protein synthesis (Almazán et al.,
992; JMR, unpublished results). Although there is no evidence
bout the mechanism of control of these immediate early genes,
t has been suggested that they may  require the specific environ-

ent provided by the subvirion structure in which the virus DNA
s enclosed during the initial steps of infection. Thus, silencing of
hese genes would be coincidental with disruption of the virus cores
Almazán et al., 1992). Comparative 2D gel analysis of the polypep-
ide products obtained after in vitro translation of mRNAs obtained
rom infected cells treated with inhibitors of protein synthesis or
NA replication showed that at least three virus-induced polypep-

ides are encoded by genes that can be classified as part of a subset
f the early gene class whose transcription is abrogated before the
nset of DNA replication.

A subclass of early proteins that are expressed only transiently
rior to DNA synthesis has been previously described (Carvalho
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

nd Rodrigues-Pousada, 1986; Esteves et al., 1986; Salas et al.,
986; Santarén and Viñuela, 1986; Urzainqui et al., 1987). By 2D
el analysis, up to 30 polypeptides displaying these characteris-
ics were identified of a total of 100 virus induced polypeptides
 PRESS
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in macrophages infected with the BA71 virulent isolate, whereas
25 out of a total of 129 were found in Vero cells infected with the
attenuated BA71V strain (Rodríguez et al., 2001). Although these
results could not be directly extrapolated to the number of genes
belonging to this temporal class, it does suggest that this tempo-
ral class of genes could be more abundant that the previous data
suggested.

It is also worth mentioning that the definition of immediate
early genes used in ASFV is different from the “classical” definition
used in other DNA viruses like baculovirus (Ross and Guarino, 1997)
or herpesvirus (Honess and Roizman, 1975). There, it is applied
to a subset of genes that are expressed in the presence of pro-
tein synthesis inhibitors, and whose translation is needed for the
expression of the early genes. Thus far, all the studied prereplica-
tive ASFV genes are expressed in the presence of proteins synthesis
inhibitors, thus all could be classified as immediately early accord-
ing to the “classical” definition.

In VV, Assarsson et al. (2008) have defined a “kinetic” class of
immediately early genes that differs from early genes because of
its preferential expression before them. A similar result was found
during the analysis of the complete VV transcriptome (Yang et al.,
2010). Two subclusters of prereplicative genes were identified by
their differences on the timing and the intensity of expression. Thus,
genes classified in the subcluster E1.1 were expressed earlier and
at higher levels that those of E1.2. However, the genes present in
both clusters are expressed in the presence of inhibitors of DNA
replication and protein synthesis. Thus, as it occurs in ASFV, all the
prereplicative genes of VV are immediate early genes in the “clas-
sical” sense. Interestingly, Yang et al. (2010) detected transcripts
that were more abundant on the RNA obtained in the presence
of inhibitors of protein synthesis than on the RNA obtained in
the presence of inhibitors of DNA replication, thus matching the
characteristics used to define the immediate early genes in ASFV.
However, this class of genes was  not further characterized, and its
particular accumulation kinetics was attributed to a particular sen-
sitivity of these transcripts to the degradation induced by early
protein(s) encoded by the virus, such as the VV early decapping
enzyme D9 (Parrish and Moss, 2007). Since ASFV encodes a protein
with a similar activity, pD250L (g5R; Parrish et al., 2009), a similar
explanation could also be applied to the kinetic observed for the
immediate early genes of ASFV.

3.2. Postreplicative phase of gene expression

Experimentally, ASFV post replicative genes are defined by its
dependence on the DNA replication for its expression, thus they are
not detected when cells are infected in the presence of inhibitors of
DNA replication. Intermediate genes are experimentally differen-
tiated from bona-fide late genes by its expression in cells infected
by ASFV in the presence of inhibitors of DNA replication when the
intermediate gene is expressed from a transfected plasmid (Vos and
Stunnenberg, 1988; Rodríguez et al., 1996).

The structure of the ASFV postreplicative transcriptional units
is very similar to that seen previously for the prereplicative trans-
criptional units. They are found tightly packed in the genome
with very short intergenic regions. Transcripts initiate from these
units at very precise sites and terminate in definite positions giv-
ing rise to mRNAs of precise length. This is in acute contrast
with the structure of the postreplicative transcripts of poxvirus.
Poxviral intermediate and late transcripts have in common the
presence of poly(A) leaders on their 5′ ends, considered to be
the result of RNA polymerase slippage (Yang et al., 2012; Baldick
 African swine fever virus transcription. Virus Res. (2012),

and Moss, 1993; de Magistris and Stunnenberg, 1988), and an
imprecise transcript termination, since the early termination motif
is not recognized despite its frequent presence. In consequence,
postreplicative mRNAs in poxvirus are heterogeneous in length,

dx.doi.org/10.1016/j.virusres.2012.09.014
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verlap adjacent ORFs (Cooper et al., 1981; Mahr and Roberts, 1984)
nd cover essentially every nucleotide of the genome (Yang et al.,
010, 2011).

.2.1. Intermediate transcription
ASFV intermediate class of genes was defined by its similitude

ith that of poxvirus (Keck et al., 1990; Rodríguez et al., 1996;
os and Stunnenberg, 1988). Intermediate genes are a very dis-

inct class of genes shared by poxvirus and ASFV that are expressed
mmediately after DNA replication and before the onset of late gene
ranscription. Intermediate transcription is dependent on transact-
ng factors, which are present in an active state in virus-infected
ells prior to the onset of DNA replication. Expression of these genes
eads to the synthesis of late virus polypeptides.

Two ASFV genes, I226R and I243L, have transcription initiation
ites that belong to the intermediate temporal class of ASFV
RNAs. Both genes possess complex promoter elements that drive

he expression of transcripts during different temporal stages of
ranscription. Each temporal class initiates at different initiation
ites. Thus, I226R gene transcription is driven by two  different
emporal control elements giving rise to intermediate and late

RNAs whereas I243L transcription produces three clearly dis-
inguishable temporal species of mRNA with the characteristics
f those transcribed from early, intermediate, and late genes
Rodríguez et al., 1996).

Two kinds of experiments have been used to characterize the
SFV intermediate transcripts: (i) detailed accumulation kinetics.
he two ASFV intermediate mRNAs showed distinctive accumula-
ion kinetics (Fig. 2): they are first detected at 4–6 h post infection,
oincident with maximum expression of early genes, reached max-
mum levels of accumulation at 6–8 h post infection, and decreased
harply at later times. The beginning of late gene expression is
oincident with the maximum levels of intermediate mRNAs. (ii)
xpression from transfected plasmids in the presence of DNA repli-
ation inhibitors. As has been shown in VV, intermediate genes
equire of DNA replication for their expression although the inter-
ediate transcription factors are present in the infected cell before
NA replication. This has been explained as a result of the inability
f the newly synthesized transcription factors to reach the genome
ithin the infective particle, and it is consistent with the fact that
NA isolated from viral particles, or plasmids containing interme-
iate genes, can serve as templates for intermediate transcription
hen transfected to infected cells in the presence of DNA repli-

ation inhibitors (Keck et al., 1990; Vos and Stunnenberg, 1988).
hen this kind of experiment is performed with ASFV genes I226R

nd I243L, the plasmid-borne intermediate genes are expressed,
hereas the copies of the same genes within the viral genome are

epressed (Rodríguez et al., 1996).
Initially it was thought that intermediate genes encoded mainly

ranscription factors necessary for the synthesis of late genes, and
n ASFV one of the two intermediate genes, I243L, is homologous
o the transcription elongation factor TFIIS. However, in a recent
enome-wide characterization of the postreplicative VV genes, 53
ut of the 91 postreplicative genes were classified as intermediate,

 number higher than expected, although some of the intermediate
enes continued to be expressed at late times. In addition to late
ranscription factors, the intermediate genes encode proteins
nvolved in genome packaging and core formation (Yang et al.,
011).

.2.2. Late transcription
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

Late gene expression initiates at 6–8 hpi when expression of
ntermediate transcripts is maximal and reaches a maximum at
2–16 hpi (Almazán et al., 1993; Rodríguez, 1993), decreasing
lowly thereafter (Fig. 2).
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The transcriptional mapping of the 3′ termination of the late
gene O61R indicates that this class of genes also terminates at
polythymidylate tracks (Almazán et al., 1992). In general, for all the
transcriptional classes of genes found in ASFV, when transcription
initiation data are available, and the total size of the transcripts is
known by northern blot experiments, there is a strong correlation
between the presence of runs of 7T in the genome sequence and
the putative positions of transcript termination (Alejo et al., 1997;
Galindo et al., 2000b; García et al., 1995; Rodríguez et al., 1993a,b,
1994, 1996). Thus, although a formal proof has not been yet pub-
lished, the 7T motif is considered to be the termination signal for all
the temporal classes of ASFV transcripts. The recognition of the first
available 7T signal is not absolute; thus, transcripts with identical
initiation sites can have different 3′-ends that map to alternative
7T motifs.

Remarkably, this 7T motif would act as a termination signal of
early genes if inserted within the context of a poxvirus genome.
Transcription of VV early genes terminates heterogeneously about
30–50 nt downstream in response to the sequence TTTTTNT (where
N is any nucleotide) on the non-template strand of the DNA (Yuen
and Moss, 1987). The termination signal is actually sensed in the
form of the sequence UUUUUNU in the nascent RNA (Shuman and
Moss, 1988). To induce termination and transcript release, the VV
RNA polymerase requires the VV termination factor (VTF), nucleo-
side triphosphate phosphohydrolase I (NPH I, encoded in gene
D11L) and ATP (Deng and Shuman, 1998). VTF is a heterodimer
of the products of the genes D1R and D12L that also acts as the
viral capping enzyme (Shuman and Moss, 1988). ASFV encodes
genes similar to the D1R subunit of the VTF and to the NPHI
(NP868R and D1133L, respectively). Although the similarity of the
recognition sequence and the presence of similar proteins in the
genome points to a common evolutionary origin for the machinery
of transcriptional termination, the 3′-ends of ASFV transcripts fall
within the 7T sequence, instead of 30–50 nt downstream, as the
poxviral 3′-ends, and no gene similar to the VV small subunit of
the capping enzyme/VTF, D12L, has been identified in the ASFV
genome, thus indicating the existence of significant differences
between the mechanisms of 3′-end formation used by the two virus
groups.

4. Promoter sequences

Very little is known about the cis-acting elements controlling
ASFV gene transcription. All classes of temporal ASFV genes have
in common that they are tightly regulated independent transcrip-
tion units whose mRNA start sites are located at a short distance
from the corresponding translation initiation codon. The compari-
son of promoter sequences is complicated by the fact that most of
the classes of genes have not been subject to a thorough analysis.
Thus, it is possible that some genes classified to the late class could
possess intermediate promoters.

4.1. Promoter sequence of the prereplicative genes

Figs. 3 and 4 show an alignment of the sequences from −50 to +5
relative to the transcription start site (−1) closest to the initiation
codon of the ORF for the majority of the genes whose transcription
initiation site has been mapped. An analysis of the base composition
of these regions shows that they are rich in A-T sequences. Thus,
the average A-T content found is significantly higher (78% for the
prereplicative genes, and 80% for the late genes) than the mean
 African swine fever virus transcription. Virus Res. (2012),

content of the BA71V genome (61%).
Except for that compositional bias, the sequences in 5′ of

the prereplicative genes do not show any apparent sequence
similarity.

dx.doi.org/10.1016/j.virusres.2012.09.014
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Fig. 4. Alignment of 5′-flanking sequences of late ASFV genes. Sequences were aligned by their transcription initiation site closest to the ATG of the ORF, which was designated
as  −1. The sequences of the minimal promoter and the essential −18 to −14 region of gene B646L are boxed and highlighted in orange, respectively (García-Escudero and
Viñuela,  2000). TATA sequences close to the transcription initiation sites are highlighted in blue. The positions of the transcription initiation sites are shown in bold and
underlined. References are as follows: B646L, A137R (García-Escudero and Viñuela, 2000), A224L (Chacón et al., 1995), A489R (Rodriguez et al., 1994), B318L (Alejo et al.,
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997),  B438L (Galindo et al., 2000b), C129R, K78R (JMR unpublished data), CP530R,
999),  E183L (Rodriguez et al., 1994), EP153R (Galindo et al., 2000a), EP402R (Rod
83L (Alejo, 1999), O61R (Almazán et al., 1993), S273R (Andrés et al., 2001).

.2. Promoter sequence of the postreplicative genes

An alignment of the two characterized genes with intermediate
ranscripts show highly conserved sequences at positions −25 to
15 and −9 to +9 relative to the translational start codon (Rodríguez
t al., 1996). However, these promoters are very complex since they
rive the expression of two (I226R) and three (I243L) temporal
lasses of transcripts, making impossible to draw any conclusion
rom this small set of complex samples about the nature of the cis
cting control elements of the intermediate genes.

A detailed characterization of the promoter element for the late
ene B646L, encoding the major capsid protein p72, has been pub-
ished (García-Escudero and Viñuela, 2000). This late gene utilizes

 promoter region contained within positions –39 to +2 relative to
he transcription initiation site closest to the translation start codon
Fig. 4). The results of the analysis of deletions, linker scan substi-
utions, and point mutations in this promoter defined two  regions
ssential for activity. One region is located at positions −18 to
14 (5′-TATTT) and the second is located at positions −4 to +2 (5′-
ATATA). Although there is no evident nucleotide conservation in
he region from −18 to −14 among the sequences of the late genes
hose transcription initiation is known (Fig. 4), the replacement

f these nucleotides by a GCGCG sequence abolished the promoter
ctivity. Whether this effect is a consequence of the deletion of
ome essential sequence motif is unknown. The second essential
egion of the p72 promoter, localized at positions −4 to +2, includes
ites for mRNA initiation. This region around the transcription ini-
iation site of late promoters shows some degree of similarity; thus,
ATA sequences are present close to the transcription initiation
ite in 19 out of the 22 sequences shown in Fig. 4. Single-nucleotide
ubstitutions at this region in the B646L promoter indicate that
osition -1 is notable for its intolerance to any deviation from the
ild-type sequence. Changes at nucleotides +1 and +2 reduced the
Please cite this article in press as: Rodríguez, J.M., Salas, M.L.,
http://dx.doi.org/10.1016/j.virusres.2012.09.014

ctivity of the promoter about threefold, while only a small effect
as observed when positions −2 to −4 were replaced. Thus, the

ATA sequence located at −2 to +2 appears to be critical for B646L
romoter activity. Importantly, the replacement, by GCGC, of the
5L (Simón-Mateo, 1993), D117L (Simón-Mateo et al., 1995), E165R (Oliveros et al.,
 et al., 1993a), I177L, I196L, I329L (Rodríguez, 1993), J154R (Almazán et al., 1995),

equivalent TATA sequence on the late genes K78R, EP402R and
A137R was also deleterious for activity, suggesting that the TATA
sequence could be a motif for late promoter function.

The bipartite structure of the late ASFV promoter is similar to
that of the VV late and intermediate promoters that contain a core
and an initiator region. The TAAAT motif in the initiator region,
usually followed by a G, is a signature of VV late promoters, and the
pure intermediate promoters invariably contain TAAA upstream of
the ORF (Yang et al., 2012; Baldick et al., 1992; Hänggi et al., 1986).
There are no experimental data regarding the identity of the ASFV
transcription factors that regulate the expression of viral late genes.
However, the similarity of some ASFV proteins with transcription
factors of VV suggests that B175L (A1L, VLTF-2, Keck et al., 1990)
and B385R (A2L, VLTF-3, Keck et al., 1990) are likely candidates to
play a role in the transcription of ASFV late genes.

Interestingly, ASFV promoter regions can be recognized, and
ASFV genes expressed, in the context of VV infection, suggesting
some degree of functionality for the ASFV promoter sequences in
VV transcription (Hammond and Dixon, 1991). However, it has
been recently shown that there is a widespread initiation during
VV postreplicative transcription, and that almost 25% of the AAA
sequences are used as transcription initiation sites (Yang et al.,
2012). The special richness on AT sequences of the promoter regions
of ASFV genes hampers the interpretation of these findings. More
experimental data are necessary to ascertain whether there are
functional similarities between ASFV and VV cis-acting sequences,
despite a lack of obvious sequence similarity, or if the composi-
tional bias along with the pervasive VV postreplicative initiation
are a simpler explanation for these results.

5. Concluding remarks

There is experimental evidence that suggests the presence of
 African swine fever virus transcription. Virus Res. (2012),

a brief nuclear phase at the beginning of the ASFV infection.
Thus, ASFV DNA has been detected by in situ hybridization in the
nucleus of infected cells, and the virus is incapable of replicating in
enucleated cells (Ballester et al., 2011; Garcia-Beato et al., 1992a,b;

dx.doi.org/10.1016/j.virusres.2012.09.014
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rtin and Viñuela, 1977; Rojo et al., 1999). The beginning of viral
eplication in the nucleus would have a profound effect in our
nderstanding of the prereplicative and intermediate phases of
ranscription. However, the lack of information regarding the cou-
ling of transcription with the putative nuclear phase makes it
ifficult to merge the transcriptional data with the nuclear phase
ypothesis in a coherent model. Both the genetic resources and
he transcriptional strategies are very similar between ASFV and
oxvirus, which argues in favor of a purely cytoplasmic model for
he transcription of ASFV. Further experimental data should solve
his apparent contradiction.

The similarities observed in the transcriptional strategies rein-
orce the genetic data indicating a close relationship between
oxviruses and ASFV that point to a common evolutionary ancestor
or both viral families. The differences observed, specially the dif-
erent degree of control in the postreplicative gene transcription,
uggest that the lax control of poxvirus over initiation and termi-
ation gives them an evolutionary advantage over the strict control
isplayed by ASFV.
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uznar, J., Salas, M.L., Viñuela, E., 1980. DNA-dependent RNA polymerase in African
swine fever virus. Virology 101, 169–175.
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inverted repetitions in African swine fever virus DNA. Virology 133, 271–275.

Tarutani, K., Nagasak, i.K., Itakura, S., Yamaguchi, M.,  2001. Isolation of a virus
infecting the novel shellfish-killing dinoflagellate Heterocapsa circularisquama.
Aquatic Microbial Ecology 23, 103–111.

Thomson, G.R., Gainaru, M.D., van Dellen, A.F., 1980. Experimental infection of
warthogs (Phacochoerus aethiopicus) with African swine fever virus. Onder-
stepoort Journal of Veterinary Research 47, 19–22.

Todone, F., Weinzierl, R.O., Brick, P., Onesti, S., 2000. Crystal structure of RPB5, a uni-
versal eukaryotic RNA polymerase subunit and transcription factor interaction
target. Proceedings of the National Academy of Sciences of the United States of
America 97, 6306–6310.

Tulman, E.R., Delhon, G.A., Ku, B.K., Rock, D.L., 2009. African swine fever virus. Current
Topics in Microbiology and Immunology 328, 43–87.

Urzainqui, A., Tabares, E., Carrasco, L., 1987. Proteins synthesized in African swine
fever virus-infected cells analyzed by two-dimensional gel electrophoresis.
Virology 160, 286–291.

Vos, J.C., Stunnenberg, H.G., 1988. Derepression of a novel class of vaccinia virus
genes upon DNA replication. EMBO Journal 7, 3487–3492.

Vos, J.C., Sasker, M.,  Stunnenberg, H.G., 1991. Vaccinia virus capping enzyme is a
transcription initiation factor. EMBO Journal 10, 2553–2558.

Woychik, N.A., Young, R.A., 1990. RNA polymerase II subunit RPB10 is essential for
yeast cell viability. Journal of Biological Chemistry 265, 17816–17819.

Woychik, N.A., Liao, S.M., Kolodziej, P.A., Young, R.A., 1990. Subunits shared by
eukaryotic nuclear RNA polymerases. Genes and Development 4, 313–323.

Wright, C.F., Oswald, B.W., Dellis, S., 2001. Vaccinia virus late transcription is acti-
vated in vitro by cellular heterogeneous nuclear ribonucleoproteins. Journal of
Biological Chemistry 276, 40680–40686.

Xiang, Y., Simpson, D.A., Spiegel, J., Zhou, A., Silverman, R.H., Condit, R.C., 1998.
The vaccinia virus A18R DNA helicase is a postreplicative negative transcription
elongation factor. Journal of Virology 72, 7012–7023.
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