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The thymidine kinase gene of African swine fever virus was mapped in a 1.4-kb EcoRI-Pstl fragment located in the 
left half of the EcoRl K fragment of African swine fever virus DNA by using degenerate oligonucleotide probes derived 
from regions of the thymidine kinase sequence conserved in several poxviruses, man, mouse, and chicken. The nucleo- 
tide sequence of this region revealed an open reading frame of 196 codons, whose translated amino acid sequence 
showed significant similarity to the thymidine kinases of vaccinia virus, variola virus, monkeypox virus, shope fibroma 
virus, fowlpox virus, capripox virus, man, mouse, and chicken. The similarity scores obtained after comparison of known 
thymidine kinase sequences indicated that the African swine fever virus thymidine kinase is more distantly related 
than the poxvirus thymidine kinases to their cellular homologs. The evolutionary implications of these findings are 
discussed. B 19soAcademic press, inc. 

Animal viruses with large DNA genomes include 
families of icosahedral viruses (Herpesviruses, Iridovi- 
ruses) and brick-shaped viruses (Poxviruses) (1). Afri- 
can swine fever (ASF) virus does not fit well into any of 
these groups since, although its genomic structure 
and replication strategy are similar to those of poxvi- 
ruses, its capsid symmetry is icosahedral (for reviews, 
see Refs. (2 and 3)). 

ASF virus infects domestic and wild pigs, as well as 
a soft tick (Omithodoros sp.) which acts as a vector 
for the virus. ASF virus can actively replicate in the tick 
population, in which it is transmitted both horizontally 
and vertically. The suggestion has been made that ASF 
virus was originally a virus of the ticks which eventually 
adapted to infect wild African pigs (4). 

Various thymidine kinase (TK) sequences of different 
organisms are known, including man (5, 6), mouse (7), 
chicken (8), several poxviruses (g-14), and a number 
of herpesviruses (15-Z). A comparison of viral and 
cellular TK sequences has shown the existence of two 
different groups of viral enzymes, one of which (Poxvi- 
ruses) is closely related to cellular TKs, whereas the 
other (Herpesviruses) shows some resemblance to cel- 
lular thymidilate kinases (20, 23). 

ASF virus induces a TK activity in infected cells (24). 
Given the unusual relationship of ASF virus with re- 
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spect to the well-established virus families, we under- 
took the mapping and sequencing of the TK gene of 
ASF virus in an attempt to define its evolutionary or-- 
gins. 

According to previous reports (12, 13), the amino 
acid sequence of the TKs of poxvirus and vertebrates 
share several conserved sequence motifs, of which the 
most conserved ones correspond to the sequences 
GPMFSGK and IDEGQFF. Two degenerate oligonucle- 
otide probes, (GGNCCNATGlT(T/C)(T/A)(C/G)NGGNAA) 
and (AT(AUT)GA(T/C)GA(A/G)GGNCA(A/G)TT(T/C)~, 
derived from these amino acid sequences, were syn- 
thesized and used to probe a set of ASF virus frag- 
ments covering the whole viral genome (25, 26). Both 
probes hybridized specifically with fragment WI B (Fig. 
1). Further mapplng experiments showed that the hy- 
bridization site lies within a 1.4.kb EcoRIIPstI fragment 
located to the left of fragment EcoRI K. The DNA se- 
quence around the hybridization site revealed the pres- 
ence of an open reading frame (ORF), which could 
code for a 196 amino acid polypeptide (Fig. 2). Preliml- 
nary comparisons of this amino acid sequence with 
those of known TKs indicated that the ASF virus se- 
quence showed significant similarity to both poxvirus 
and vertebrate TKs. However, no significant similarities 
were found with the sequences of herpesvlrus TKs, 
other than the presence of the NTP-binding do- 
maln (23). 

The putative ASF virus TK gene can code for a poly- 
peptide with a molecular weight of about 22 kDa. This 
value is slightly lower than those predicted for the eu- 
karyotic TKs (about 25 kDa) and slightly higher than 
those predicted for poxvirus TKs (about 20 kDa). 
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FIG. 1. Mapping of the ASF virus TK gene. The hybridization of 
the degenerate oligonucleotide probe to restriction fragments of ASF 
virus DNA is shown at the top. The nomenclature of ASF virus restric- 
tion fragments has been described (26). Restriction maps of the viral 
genome were taken from Almendral et al. (25). ORF TK is indicated 
with an arrow. 

A progressive alignment method (27) was used to 
generate a multiple alignment of the ASF virus, poxvi- 
rus, and vertebrate TK sequences. The TKs of monkey- 
pox virus and variola virus were not included in the 
alignment, since they show only a few amino acid re- 
placements with respect to the vaccinia virus se- 
quence (11). From the alignment of the different TK se- 
quences (Fig. 3) it is noticeable that, despite the great 
divergence of the ASF virus TK, there are several re- 
gions with a high degree of similarity to the other 
known TK sequences. Conservation of amino acid se- 
quences is particularly striking at the regions contain- 
ing the nucleotide binding motif, located around posi- 
tions 30 and 105 in the multiple alignment, suggesting 
that those regions are maintained by selective pres- 
sure. ASF virus TK shows enlarged N-terminal and C- 
terminal sequences when compared to the sequences 
of poxviruses. This fact suggests that the evolution of 
the terminal portions of the protein is the result of small 
deletions or additions rather than the result of the inser- 
tion of a poxvirus-like TK gene into another cellular 
gene, as has been previously hypothesized (73). 

Pair-wise comparison of the ASF virus TK sequence 
with those of poxviruses and vertebrates showed a de- 

gree of similarity ranging from 25.1 to 31% (Table 1). 
In contrast, TKs from poxviruses were 51 .l to 67.6% 
identical to those of vertebrates. Therefore, the en- 
zymes of vertebrates are more closely related to poxvi- 
rus TKs than to ASF virus TK. 

An evolutionary analysis was carried out with the se- 
quences aligned in Fig. 3, using both distance matrix 
and parsimony methods (28-32). Figure 4 shows the 
genealogic tree obtained using the distance matrix 
method. Optimal trees from protein parsimony meth- 
ods showed minor differences with respect to this tree, 
mainly concerning the branching of fowlpox and Shope 
fibroma viruses within the poxvirus group. This, along 
with the fact that some branches leading to these pox- 
viruses are very short, makes it possible that the tree 
does not reflect the exact phylogeny of the poxvirus 
sequences. However, the different methods gave con- 
sistent results regarding the branching of the groups 
of organisms (vertebrates, poxvirus, ASF virus) being 
considered. 

The genealogic tree suggests the existence of a 
common ancestral TK sequence leading to all present- 
day poxvirus sequences. Similarly, all vertebrate se- 
quences are clustered together, in a way consistent 
with the phylogeny of those organisms. The branching 
order in the tree supports the hypothesis that a poxvi- 
rus ancestor acquired the TK gene from its host. Ac- 
cording to the tree, this would have happened before 
the divergence of birds and mammals. 

From the unrooted tree in Fig. 4 two different rooted 
trees depending on the positioning of the ancestral se- 
quence could be suggested. One of them implies ei- 
ther that the ancestral sequence was viral or that ASF 
virus acquired the TK gene long before poxviruses, 

TTACCAGAATGGATCGCGTCTTACTAUAGTGAATTGGAGAPAMAA TTAAACGGTCAAA -1 
MNIIRKLKPGTlSLVLGPMF 20 
ATGAATATAATTAGG~GCTTXAGCCTG~C~TTAGCCTTGTGCTGGGACCCATGTTT 60 

AGKTTFLIHCIYMLERLEKK 40 
GCCGGCAAAACTACGTTTCTTATTCATTGCATTTACATGCTCG~CGTTTGG~ 120 

VVFIKSTKNTRDKTIKTHSG 60 
GTAGTCTTCATU.AATCTACCAILARACI\CCCGI\GACCCGAGACAAAACTATTAAAACACACTCCGGT 180 

IQLRPKQCKIIESTQLSDVG 80 
ATACAGCTACGACCCAAGCRTGTAAAATCATAGAAAGCACACAGTTATCTGACGTGGGA 240 

SLTDlHA"""DEAHFFDDL1 100 
TCTCTCACCGATATC~TGCAGTTGTCGTAGATGAAGCGCGCATTTTTTTGACGATTT~TA 300 

KCRTWAEEEKIIILAGLNAS 120 
AAATGCCGCACCTGGGCAGAGGAAGAAAAAA TTATTATTCTTGCGGGACTCAATGCTTCC 360 

FEQKMFPPIVRIFPYCSWVK 140 
TTCGAGCAG-TGTTTCCGCCCATCGTTCGTATTTTTCCTTACTGCAGCTGGGTT~G 420 

YIGRTCMKCNQHNACFNVRK 160 
TATATTGGCCGCACCTGTATGAAATGTAACCAACATRATG~TGCTTT~TGTGCGT~G 450 

NADKTLILAGGSELYVTCCN 180 
AACGCAGAC~GACGCTTATCCTTGCGG~G~GT~CTGTACGT~CATGTTGT~C 540 

NCLKNTFIKQLQPIKV 196 
AACTGTCT PAAAAATACATTTATTACAGTTGCAACCTATTALATATTAAAAATCTTAT 600 

ACAATAATGGATCATTATCTT AAAAAATTACAAGATGTCGAAAACCAATGAAAAAGAGTT 660 

FIG. 2. Nucleotide sequence and predicted polypeptide sequence 
of the ASF virus TK gene. 
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FIG. 3. Multiple alignment of the TK sequences from ASF virus, poxvrruses, and vertebrates. Resrdues conserved In all the sequences in the 
alignment are shown In black boxes. Sequences are as follows: HUM, human cytoplasmic TK; MOU, mouse cytoplasmic TK; CHI, chrcken 
cytoplasmic TK; VV, vaccrnia virus; SFV, Shope fibroma vrrus; CPOX, capripox vrrus; FPOX, fowlpox virus 

therefore being two independent evolutive lineages, 
ASF viruses and poxviruses. An interesting possibility 
is that ASF virus had taken the TK gene from its inverte- 
brate host, the soft tick, Ornithodoros sp. (33, 34). If 
this is the case, the divergence of the ASF virus TK 
would reflect, at least in part, the divergence of the in- 
vertebrate TK with respect to the vertebrate TKs. 

The alternative rooted tree implies the existence of a 
common ancestor of the poxvirus and ASF virus se- 
quences Since ASFvirus and the poxviruses have sim- 
ilar DNA structure and replication mechanism (35-39) 
it seems reasonable that they evolved from the same 

TABLE 1 

PERCENTAGEOF~DENTINOFTHE DIFFERENT TK SEQUENCES COMPARED 

Mouse Chrcken VV SFV CPOX FPOX ASFV 

Human 87.1 75.8 67.2 60.2 58.2 52.0 26.2 
Mouse 74.8 66.7 59.1 59.3 52.0 26.2 
Chicken - 65.5 60.8 57.6 51.1 25.1 
vv - 65.1 64.4 50.3 31 .o 
SFV - 64.6 46.3 27.3 
CPOX - 49.1 29.9 
FPOX - 25.8 

ancestral virus. If this is the case, the greater diver- 
gence of the ASF virus TK should be the consequence 
of a greater rate of evolution of the ASF virus gene with 
respect to the poxvirus gene. The possibility of an evo- 

11.1 
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FIG. 4. Genealogrc tree relating different viral and cellular TK se- 
quences. The tree was derived from a distance matrix obtarned from 
the multiple alrgnment in Fig. 3. Numbers rndtcate the genetic drs- 
tance for each branch. Horizontal lines are proportronal to the ge- 
netic distance. Vertical lanes are of arbitrary length, and are intro- 
duced to seoarate the dtfferent branches of the tree 
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lutive lineage common to poxviruses and ASF virus 
poses important questions about how those viruses 
evolved to have different capsid structures. On the 
other hand, a horizontal gene transfer between poxvi- 
rus and ASF virus ancestors cannot be ruled out until 
more related sequence data of the two viruses is avail- 
able. 
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