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Abstract. Phylogenies of gene families including
members in both vertebrates and DNA viruses of the
poxvirus and/or herpesvirus families showed that the vi-
ral genes originated at widely different times over the
history of life. Certain of these viral genes (for example,
the genes encoding the large and small subunits of ribo-
nucleoside–diphosphate reductase) originated before ani-
mals diverged from fungi, while others originated much
more recently. The most striking examples of recent ori-
gin involved viral genes encoding the cytokine interleu-
kin-10 (IL-10), which originated independently in vi-
ruses at least three times since the divergence of the
orders of eutherian mammals, presumably by viral cap-
ture of host genes. In certain domains, viral IL-10 genes
showed significantly higher rates of nonsynonymous
substitution than their nearest mammalian homologues.
Though the mutation rate in these viral genes is up to 20
times that of the corresponding mammalian genes, a high
mutation rate alone did not account for these differences
because they were not seen in all domains. Rather, in
certain domains it appears that functional constraints
present in the case of mammalian IL-10 are relaxed in the
case of the viral homologues. Furthermore, a nonrandom
pattern of change with respect to amino acid residue
charge in the N-terminal portion of the mature protein
has occurred repeatedly in independently derived viral
IL-10 genes, strongly suggesting that positive selection
has led to divergence of this functionally important do-
main in viral IL-10.
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Introduction

Analysis of the genomes of DNA viruses has revealed
the presence of certain genes showing evidence of ho-
mology to genes of vertebrates. Some of these genes
encode cytokines and receptors involved in immune sys-
tem signaling, and it is believed that these were origi-
nally genes of the vertebrate hosts which have been “cap-
tured” by the viruses (Barry and McFadden 1997; Lalani
and McFadden 1999; McFadden 1995; Wall et al. 1998).
One of the best-studied of these molecules is a homo-
logue of mammalian interleukin-10 (IL-10) found in Ep-
stein–Barr virus (EBV; human herpesvirus 4). Binding of
EBV IL-10 to the human IL-10 receptor is impaired, and
it stimulates only a subset of IL-10-responsive human
cells (Liu et al. 1997).

One explanation for these findings is that, whereas
EBV IL-10 has a low affinity for the known IL-10 re-
ceptor, an accessory chain to that receptor is expressed in
certain cells and that EBV IL-10 binds the accessory
receptor with a high affinity (Liu et al. 1997; Zdanov et
al. 1997). Among the cells on which EBV IL-10 has an
effect are macrophages/monocytes and B cells. In the
former, EBV IL-10 down-regulates the expression of
class II major histocompatibility complex (MHC) mol-
ecules, thereby suppressing a specific host immune re-
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latter, EBV IL-10 enhances proliferation, which is pre-
sumably also to the virus’s advantage, since B cells are
its primary host cell type (Liu et al. 1997). IL-10 genes
have been reported from three other viruses, including
two other herpesviruses (viral family Herpesviridae: ba-
boon herpesvirus 2 and equine herpesvirus 2) and a pox-
virus (viral family Poxviridae: the ORF virus).

Murphy (1993) computed the percentage amino acid
difference between homologous proteins of human and
murine rodents and reported the highest values in pro-
teins which he categorized as “host defense ligands and
receptors.” Hughes (1997) subsequently provided evi-
dence that the rate of amino acid evolution is higher in
immune system-expressed proteins than in related pro-
teins expressed in other tissues. Murphy (1993) argued
that the high rate of amino acid evolution in immune
defense proteins is caused by natural selection and that
gene capture by viruses is the main factor responsible for
this selection. Murphy (1993) actually used the term
“molecular mimicry” for this phenomenon, but that term
is more properly used for convergent sequence evolution
of a parasite protein that causes it to resemble an evolu-
tionarily unrelated host protein (Damian 1964). In Mur-
phy’s (1993) hypothesis, vertebrate host ligands and re-
ceptors have an accelerated rate of evolution at the amino
acid level because they are under selective pressure to
avoid similarity to captured host proteins expressed by
viruses.

The purpose of the present paper is to use analysis of
molecular sequence data to study the origin and evolu-
tion of viral IL-10 by phylogenetic analysis of mamma-
lian and viral IL-10 sequences. First, phylogenetic analy-
sis of IL-10 sequences was used to test the gene capture
hypothesis. In addition, I compared the time of origin of
viral IL-10 with that of other viral homologues of verte-
brate genes by reconstructing phylogenies of such genes
from EBV and the vaccinia virus, a poxvirus. In spite of
the extensive literature on captured viral genes, no pre-
vious study has used phylogenetic methods to estimate
times of viral gene capture. In addition, to test Murphy’s
hypothesis of an accelerated rate of evolution in verte-
brate homologues of captured viral genes, I used relative
rate tests to compare rates of nonsynonymous (amino
acid-altering) nucleotide substitution in host and viral
IL-10 genes.

In comparing the three-dimensional structures of hu-
man and EBV IL-10, Zdanov et al. (1997) noted that
amino acid differences between the two molecules are
concentrated in certain regions and that these are plau-
sibly related to the known functional differences between
the molecules (Liu et al. 1997). However, as noted by
Liu et al. (1997), such comparisons do not clarify wheth-
er the amino acid differences between viral and verte-
brate IL-10 molecules occurred as a result of random
genetic drift or as a result of adaptive evolution. Here I

examined patterns of nucleotide substitution in different
protein regions to decide between these hypotheses.

Methods

Database accession numbers of sequences included in phylogenetic
trees presented in this paper are listed in Table 1. Accession numbers
for other sequences used in trees whose results are summarized in
Tables 2 and 3 are available from the author upon request. I searched
the complete nonredundant NCBI protein database (all viral and non-
viral sequences) using the BLASTP algorithm (Altschul et al. 1997)
and using the following as query sequences: (1) all annotated amino
acid coding sequences in a complete EBV genome (GenBank accession
number V01555) and (2) all amino acid coding sequences in a complete
vaccinia virus genome (GenBank accession number U94848). There
were 86 coding regions in the EBV genome and 155 in the vaccinia
virus genome. Viral sequences were counted as having a close verte-
brate homologue if there existed at least one vertebrate amino acid
sequence receiving a normalized alignment score (Altschul et al. 1997)
of 100 of better. For these cases, representative eukaryotic homologues
of the viral sequence were collected from the database for use in phy-
logenetic analyses. A total of 18 protein families was analyzed, includ-
ing the IL-10 family.

Within each family, sequences were aligned at the amino acid level
using the CLUSTAL W program (Thompson et al. 1994). Alignments
are available from the author upon request. When pairwise evolutionary
distances were computed among a set of sequences, any site at which
the alignment postulated a gap in any sequence in the set was excluded
from all comparisons. Thus, a comparable set of sites was used for all
pairwise comparisons within the set.

Phylogenetic trees were constructed by two methods: (1) the neigh-
bor-joining (NJ) method (Saitou and Nei 1987) and (2) the maximum
parsimony method using amino acid sequences (Swofford 1993). NJ
trees were constructed on the basis of four distances (Nei and Kumar
2000): (1) the uncorrected proportion of amino acid difference (p); (2)
the Poisson-corrected amino acid distance; (3) the �-corrected amino
acid distance; and (4) the number of nonsynonymous substitutions per
nonsynonymous site, estimated by Nei and Gojobori’s (1986) method.
Since all methods produced essentially identical results, only the NJ
trees based on p are presented here. When a number of distances
produce similar results, Nei and Kumar (2000) recommend using the
distance with the smallest variance, which in this case is p. Because the
NJ method is known to be insensitive to rate differences among
branches within a tree (Nei and Kumar 2000), it is particularly appro-
priate in the case of phylogenies including both viral and eukaryotic
genes, which are known to have different mutation rates (Li 1997).

The reliability of clustering patterns in all trees was tested by boot-
strapping, which involves construction of pseudo-samples by randomly
selecting sites from the data set with replacement (Felsenstein 1985).
One thousand bootstrap pseudo-samples were used. To save space,
only representative phylogenetic trees are illustrated here, but the re-
sults of all phylogenetic analyses are summarized in Table 2.

To test Murphy’s (1993) hypothesis that immune system signaling
molecules of vertebrates have evolved rapidly as a mechanism to avoid
similarity with captured viral proteins, I compared the rates of nonsyn-
onymous (amino acid-altering) nucleotide substitution in viral IL-10
genes with those of their closest mammalian homologues. Based on
published structures of human and EBV IL-10 molecules (Walter and
Nagabhusan 1995; Zdanov et al. 1997), I analyzed the following re-
gions separately: (1) the signal peptide (SP); (2) the N-terminal (NTR)
region of the mature polypeptide [corresponding to residues 1–20 in the
alignment of Walter and Nagbahsan (1995)]; (3) the loops between
helix A and helix B and between helix C and helix D, here designated
the AB–CD loops; and (4) the remainder of the mature polypeptide.
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Table 1. Sequences used in phylogenetic analysesa

1. Interleukin-10 (IL-10)
Mammalia: Mouse (Mus musculus) IL-10 (M37897); rat (Rattus norvegicus) IL-10 (L02926); horse (Equus caballus) IL-10 (U38200);

human (Homo sapiens) IL-10 (M57627); sooty mangabey (Cercocebus torquatus) IL-10 (L26030); pigtail macaque (Macaca nemestrina)
IL-10 (L26031); crab-eating macaque (Macaca fascicularis) IL-10 (AB000514); rhesus monkey (Macaca mulatta) IL-10 (L26029); red
deer (Cervus elaphus) IL-10 (U11767); bovine (Bos taurus) IL-10 (U00799); sheep (Ovis aries) IL-10 (U11421)

Herpesviridae: Equine herpesvirus 2 IL-10 (AAC13857); Epstein–Barr virus IL-10 (CAA24863); baboon herpesvirus 2 (AF200364)
Poxviridae: ORF virus IL-10 (U82239)

2. CD47
Mammalia: Rat CD47 (D87659); human CD47 (NM_001777)
Insecta: Drosophila melanogaster wrapper (AF134113)
Poxviridae: Vaccinia virus CD47 (AAB96477); variola virus CD47 (P33853); myxoma virus (AF170726); Yaba monkey tumor virus

(AB025319)
3. Casein kinase-related

Mammalia: Mouse CSK1E (AB028241), VRK1 (AF080252); rat CSK1A1 (P97633), CSK1D (Q06486), CSK1G1 (Q62761), CSK1G2
(Q62762), CSK1G3 (Q62763); human CSK1A1 (NM_001892), CSK1D (NM_0001893), CSK1E (NM_001894), CSK1G2
(NM_001319), CSK1G3 (AF049090), VRK1 (NM_006296), VRK2 (NM_006296)

Aves: Chicken (Gallus gallus) CSK1A (AF042863)
Insecta: D. melanogaster CKI (X94695), DBT (O76324), LD09009 (AF160917)
Nematoda: Caenorhabditis elegans CSK1A (P42168), CSK1D (Q20471), CSK1G (CAB60309), F28B12.3 (AAA68798)
Fungi: Yeast (Saccharomyces cerevisiae) Hrr25p (NP_015120), YCK1 (NP_012003); Schizosaccharmyces pombe HHP1 (P40235), CSK1

(P40233)
Poxviridae: Vaccinia virus PK1 (AAB96545), PK2 (AAB96553); variola virus PK1 (AAA60910); cowpox virus PK2 (CAA75287); yaba

monkey tumor virus PK1 (AB025319); myxoma virus PK1 (AF170726); rabbit fibroma virus PK1 (AF170722); ectromelia virus PK2
(AF012825)

4. Ribonucleotide–diphosphate reductase, large subunit (RIR1)
Mammalia: Mouse RIR1 (K02927); human RIR1 (X59543)
Osteichthyes: Zebrafish (Danio rerio) RIR1 (U57964)
Insecta: D. melanogaster RIR1 (AF132143)
Nematoda: C. elegans RIR1 (Q03604)
Plantae: Arabidopsis thaliana RIR1 (AAD20398)
Fungi: yeast RIR1-1 (P21524); S. pombe RIR1 (X65116)
Protista: Trypanosoma brucei RIR1 (U80910)
Archaea (archaebacteria): Thermoplasma acidophilum RIR1 (U73619); Archaeoglobus fulgidus RIR1 (AE000988)
Bacteria (eubacteria): Bacillus subtilis RIR1 (P50620); Chlamydomonas pneumoniae RIR1 (AE001679); Chlamydia trachomatis RIR1

(AE001355); Escherichia coli RIR1-1 (P00452); RIR1-2 (P39452); Helicobacter pylori RIR1 (AE001494)
African swine fever-like viruses: African swine fever virus RIR1 (P26685)
Herpesviridae: Epstein–Barr virus RIR1 (CAA24842); equine herpesvirus 2 (AAC13849); herpes simplex virus 1 RIR1 (M18410); murine

herpesvirus 68 RIR1 (U97553); ateline herpesvirus 3 RIR1 (AF083424); Kaposi’s sarcoma-associated herpesvirus RIR1 (U75698);
Macaca mulatta rhadinovirus RIR1 (AF083501); equine herpesvirus 1 RIR1 (P28846); equine herpesvirus 4 (P50642)

Poxviridae: Vaccinia virus RIR1 (AAB96436); variola virus RIR1 (P32984)
Myxoviridae: Coliphage T4 (P32282)

5. DNA-dependent RNA polymerase, subunit A (rpoA)
Mammalia: Mouse rpoIIA (NM_009089); rat rpoIA (O54889); human rpoIA (U33460), rpoIIA (NM_000937), rpoIIIA (NM_007055)
Insecta: D. melanogaster rpoIIA (P04052)
Nematoda: C. elegans rpoIIA (P16356), rpoIIIA (AAA83341)
Plantae: A. thaliana rpoIIA (P18616).
Fungi: Yeast rpoIA (NP_014986), rpoIIA (CAA26904); S. pombe rpoIA (P15398), rpoIIA (P36594), rpoIIIA (CAB37604)
Protista: Leishmania major rpoIIA (AF009163); T. brucei rpoIIA (P17545), rpoIIIA (P08968)
Archaea: Thermococcus celer rpoA� (P31813); Methanobacterium thermoautotrophicum rpoA� (P09846); Thermoplasma acidophilum

rpoA� (Q03585)
African swine fever virus-related viruses: African swine fever virus rpoA (P42486)
Iridoviridae: Lymphocystis disease virus rpoA (AAA92868)
Poxviridae: Vaccinia virus rpoA (AAB96506); variola virus rpoA (P33053); Melanoplus sanguinipes entomopoxvirus rpoA (AAC97832);

Molluscum contagiosum virus rpoA (U60315); yaba monkey tumor virus rpoA (AB015885); myxoma virus rpoA (AF170726); rabbit
fibroma virus rpoA (AF170722)

6. Thymidine kinase (THYK)
Mammalia: Mouse THYK (M11945); human THYK (K02581)
Aves: Chicken THYK (K02611)
Nematoda: C. elegans THYK (CAA19501)
Plantae: Rice (Oryza sativa) THYK (AF066050).
Poxviridae: Vaccinia virus THYK (AAB96503); variola virus THYK (P04364); monkey pox virus THYK (K02025); raccoon pox virus

THYK (U08228); sheep pox virus THYK (D00423); swine pox virus THYK (M64000); cotia virus THYK (D45170); yaba monkey
tumor virus THYK (D26580); myxoma virus THYK (X52655); rabbit fibroma virus THYK (M14493); canary pox virus THYK
(D78347); fowl pox virus THYK (M16617); Amsacta moorei entomopoxvirus THYK (D10679); Choristoneura fumiferana
entomopoxvirus THYK (D10681); Choristoneura biennis entomopoxvirus THYK (D10680).

a Numbers in parentheses are database accession numbers. Only sequences used in Figs. 1–6 are listed.
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The NTR and AB–CD loops are the sites of most amino acid differ-
ences between EBV and human IL-10 (Zdanov et al. 1997). The NTR
includes a portion of human IL-10 that has been shown in vitro to have
some functions of IL-10 (Gesser et al. 1997). The AB loop forms a
portion of the IL-10 receptor-binding site, and it is the only portion of
that binding site which shows a markedly different conformation in
human and EBV IL-10 (Zdanov et al. 1997). The CD loop, on the other
hand, is a tight turn and is the only interhelix loop that is similarly
structured in both human and EBV IL-10 (Zdanov et al. 1997).

The numbers of synonymous nucleotide substitutions per synony-
mous site (dS) and the number of nonsynonymous nucleotide substitu-
tions per nonsynonymous site (dN) were estimated by Nei and Gojo-
bori’s (1986) method. Nei and Gojobori’s (1986) method is known to
overestimate dS and to underestimate dN when there is a transitional

bias at twofold degenerate sites (Li 1993; Zhang et al. 1998). Methods
which correct this problem rely on an estimation of the ratio of tran-
sitional-to-transversional mutations (R) (Nei and Kumar 2000). It is
unreliable to estimate R from the observed pattern of transitional and
transversional differences at all sites in a coding region because puri-
fying selection will act differently on transitional and transversional
mutations at nonsynonymous sites, twofold degenerate sites, and three-
fold degenerate sites. Therefore, it is preferable to estimate R at four-
fold degenerate sites, where purifying selection is not a factor (Hughes
et al. 2000). Hughes et al. (2000) introduced a method for estimating
R at fourfold degenerate sites by comparing phylogenetically indepen-
dent pairs of closely related sequences. This method was applied to
the IL-10 data using the following pairs of sequences: mouse and rat,
sheep and bovine, sooty mangabey and pigtail macaque, and Epstein-

Table 2. Phylogenetic evidence regarding the time of origin of herpesvirus and poxvirus genes having vertebrate homologues

Protein encoded Viral taxon Relative time of origin (bootstrap support)a

3�-Hydroxysteroid dehydrogenase Poxviridae No information (phylogeny not shown)
Carbonic anhydrase Before tetrapod–bony fish divergence (95)
Casein kinase-related PK1 Poxviridae Before rodent–primate divergence (100); after deuterostome–protostome

divergence (90) (Fig. 3)
Casein kinase-related PK2 Poxviridae Before deuterostome–protostome divergence (98) (Fig. 3)
CD47 Poxviridae Before primate–rodent divergence (100) (Fig. 2)
DNA-dependent RNA polymerase,

subunit A (rpoA)
Poxviridae Before animal–fungus divergence (100) (Fig. 5)

DNA-dependent RNA polymerase,
subunit B (rpoB)

Poxviridae Before animal–fungus divergence (100) (phylogeny not shown)

DNA ligase Poxviridae Before primate–rodent divergence (100) (phylogeny not shown)
FGARAT Herpesviridae No information (phylogeny not shown)
Glutaredoxin Poxviridae After animal–plant divergence (97); before bird–mammal divergence (37);

before primate–rodent divergence (100) (phylogeny not shown)
Interleukin-10 (IL-10) EBV After primate–artiodactyl/perissodactyl divergence (98) (Fig. 1)

EHV2 After perissodactyl–primate/artiodactyl divergence (91) (Fig. 1)
ORFV After artiodactyl–perissodactyl/primate divergence (95) (Fig. 1)

Interleukin-1 receptor Poxviridae Before primate–rodent divergence (100) (phylogeny not shown)
Profilin Poxviridae Before primate–rodent divergence (100) (phylogeny not shown)
Ribonucleoside–diphosphate

reductase, large subunit (RIR1)
Poxviridae Before tetrapod–bony fish divergence (100); before deterostome–protostome

divergence (72) (Fig. 4)
Ribonucleoside–diphosphate

reductase, small subunit (RIR2)
Poxviridae Before tetrapod–bony fish divergence (100); before deuterostome–

protostome divergence (70) (phylogeny not shown)
Schlafen homologue Poxviridae No information
Thymidine kinase Poxviridae Before bird–mammal divergence (100) (phylogeny not shown)
Thymidylate kinase Poxviridae Before primate–rodent divergence (100); before animal–fungus divergence

(50) (Fig. 6)
Uracil–DNA glycolase Poxviridae and

Herpesviridae
No information (phylogeny not shown)

a Numbers in parentheses represent the percentage of 1000 bootstrap pseudo-samples supporting the branch in the phylogenetic tree corresponding
to the indicated time of origin. “No information” refers to families for which the phylogenetic analysis of available sequences did not provide any
information regarding the relative time of origin of the viral genes.

Table 3. Summary of phylogenetic analysis giving statistically significant support to the hypothesis of an independent origin of viral homologues
of vertebrate genes

Protein family Viral taxon 1 Viral taxon 2 Bootstrap support

IL-10 Primate herpesviruses (EBV and BHV2) EHV2 98 (Fig. 1)
Poxviridae Herpesviridae 95 (Fig. 1)

RIR1 Poxviridae African swine fever virus 100 (Fig. 4)
Poxviridae Herpesviridae 97 (Fig. 4)
Poxviridae Myxoviridae 100 (Fig. 4)

RIR2 Poxviridae African swine fever virus 100 (phylogeny not shown)
Poxviridae Herpesviridae 100 (phylogeny not shown)

Thymidine kinase Orthopoxvirus Avipoxvirus 97 (Fig. 6)
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Barr virus and baboon herpesvirus 2 (see Fig. 1). The observed R at
fourfold degenerate sites was 20:23 (0.87). This ratio is not signifi-
cantly (chi-square test) different from the expected R of 0.5 under
unbiased mutation; therefore, Nei and Gojobori’s unmodified method
was used.

Standard errors of the mean dS and dN were estimated by Nei and
Jin’s (1989) method. Relative rate tests (Wu and Li 1985) were used to
test the equality of rates of nonsynonymous nucleotide substitution in
viral and vertebrate genes. Numbers of conservative (pNC) and radical
(pNR) nonsynonymous nucleotide differences with respect to amino
acid properties were computed by Hughes and co-workers’ (1990)
method. This method categorizes nonsynonymous differences as con-
servative or radical with respect to an amino acid property of interest.
If pNR > pNC, nonsynonymous differences occur so as to change the
property of interest to a greater extent than expected under random
substitution. In the present case, residue charge was analyzed because
the NTR is believed to function in receptor binding (Zdanov et al.
1997), and charged residues play a major role in protein–protein rec-
ognition sites (Conte et al. 1999).

Residues were classified as positively charged (H, K, R), negatively
charged (D, E), or neutral (others); and any change of category was
counted as a radical change. Note that Hughes et al. (2000) modified
Hughes and co-workers’ (1990) method to take into account transi-
tional bias. This modified method was not used here because, as men-
tioned, there was no evidence of a substantial transitional bias. In
addition, because transitional nonsynonymous mutations tend to con-
serve amino acid properties, the unmodified method provides a more
conservative test of the hypothesis that pNC � pNR.

Results

Phylogenetic Analyses: Time of Gene Origin

Figure 1 shows the phylogenetic tree of mammalian and
viral IL-10. The tree was rooted with rodent IL-10 be-
cause there is abundant evidence that rodents form an
outgroup to the other mammalian orders (Primates, Ar-
tiodactyla, and Perissodactyla) represented in the tree.
The four viral genes fell into three separate clusters. ORF
virus (ORFV) IL-10 clustered with IL-10 from sheep and
in a cluster with IL-10 from other artiodactyls (Fig. 1).
The cluster containing the ORFV and artiodactyl IL-10
received statistically significant (95%) bootstrap support;
thus this phylogeny supported the hypothesis that ORFV
IL-10 diverged from IL-10 of artiodactyls after that order
diverged from other orders of eutherian (placental) mam-
mals. IL-10 from EBV and baboon herpesvirus 2
(BHV2) clustered together, and both were in a cluster
with human and Old World monkey IL-10 molecules
(Fig. 1). This cluster received significant (98%) boot-
strap support. Thus, the phylogeny supported the hypoth-
esis that the EBV and BHV2 IL-10 genes diverged from
primate IL-10 genes after the origin of the primates.
Similarly the equine herpesvirus 2 (EHV2) IL-10 clus-
tered with that of the horse; in this case the bootstrap
support was relatively strong (91%), though not signifi-
cant (Fig. 1). Overall, the phylogeny of IL-10 supported
the hypotheses of gene capture by suggesting that viral
IL-10 genes have originated independently at least three
times since the common ancestor of the placental mam-
mals.

CD47 is another protein with immune system function
in mammals which was found to have viral homologues.
This protein, which belongs to the immunoglobulin su-
perfamily, is expressed in the development of hemato-
poietic cells (Barclay et al. 1993). Figure 2 shows the
phylogeny of CD47 from mammals and poxviruses; the
tree was rooted with the related wrapper protein of Dro-
sophila. In this tree, the sequences from vaccinia and
variola viruses clustered outside of human and rat CD47,
a pattern that received 100% bootstrap support (Fig. 2).
Thus, this tree suggested that the CD47 of these viruses
diverged from mammalian homologues at least as early
as prior to the divergence of the primate and rodent or-
ders, in marked contrast to IL-10.

The genome of vaccinia virus contains two homo-
logues of eukaryotic casein kinases; the viral proteins are
designated here PK1 and PK2. The phylogenetic tree of
these and related eukaryotic proteins was rooted using as
an outgroup the classic casein kinases of mammals, in-
cluding human CSK1A, CSK1D, CSK1E, and CSK1G,
along with their homologues from invertebrates and
fungi (Fig. 3). PK1, along with homologues from other
poxviruses, clustered with human and mouse proteins
known as “vaccinia-related kinases” (VRK1 and VRK2)

Fig. 1. NJ tree of viral and mammalian interleukin-10 (IL-10) se-
quences, based on the proportion of difference (p) at 160 aligned amino
acid positions. The tree was rooted with rodent IL-10. Numbers on the
branches are bootstrap percentages (percentage of 1000 bootstrap
pseudo-samples supporting the branch); only values 50% are shown.
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(Fig. 3). These in turn clustered with proteins from Dro-
sophila and C. elegans, and the cluster received signifi-
cant (98%) bootstrap support (Fig. 3). In contrast, vac-
cinia PK2 and related proteins from poxviruses fell
outside this cluster (Fig. 3). Thus, the tree supported the
hypothesis of an independent origin of the PK1 and PK2
genes of poxviruses.

The phylogeny indicated that PK1 originated prior to
the rodent–primate divergence, since it clustered outside
human and mouse VRK1 (Fig. 3). However, it appeared
that PK1 originated after the divergence of the deutero-
stome and protostome animal phyla, since Drosophila
and C. elegans homologues fell outside PK1 and mam-
malian VRK1-2, with 93% bootstrap support (Fig. 3). On
the other hand, the phylogeny indicated that PK2 origi-
nated prior to the deuterostome–protostome divergence,
since it fell outside the Drosophila and C. elegans ho-
mologues of VRK1-2 (Fig. 3).

Figure 4 shows a phylogenetic tree of ribonucleoside–
diphosphate reductase, large subunit (RIR1), from vi-
ruses, eukaryotes, and prokaryotes. The tree was rooted
with sequences from eubacteria and archaebacteria (Fig.
4). In addition to the bacterial genes used to root the tree,
there were sequences from Helicobacter and Chlamydia
which clustered apart from the other bacterial sequences
(Fig. 4). The Chlamydia sequences formed part of a clus-
ter which included RIR1 from poxviruses, while RIR1
from herpesviruses fell outside this cluster, along with
the other bacterial sequences. The internal branch sepa-
rating these two clusters of viral and bacterial sequences
received statistically significant (97%) bootstrap support

(Fig. 4). Thus, independently of its rooting, the tree sup-
ported the hypothesis that RIR1’s of poxviruses and her-
pesviruses diverged from each other before eubacteria
diverged from eukaryotes.

In the RIR1 tree, sequences from poxviruses fell out-
side those from mammals and zebrafish, and the branch
supporting this pattern received 100% bootstrap support
(Fig. 4). Thus, the tree supported the hypothesis that
RIR1 of poxviruses originated before tetrapods diverged
from bony fish. However, the relationship among verte-
brate RIR1, poxvirus RIR1, and invertebrate RIR1 was
not well resolved by this tree. RIR1 from Drosophila
clustered with vertebrate homologues (Fig. 4). If this
pattern represents the true phylogeny, it would imply that
RIR1 of poxviruses originated before the deuterostome–
protostome divergence, but the bootstrap support for this
conclusion (72%) was relatively weak.

Figure 5 shows a phylogenetic tree of DNA-directed
RNA polymerase A subunits (rpoA) of viruses and eu-
karyotes; the tree was rooted with rpoA� from archae-
bacteria. Eukaryotic rpoA formed three distinct clusters,
each of which received 100% bootstrap support. The
clusters corresponded to rpoIA, rpoIIA, and rpoIIIA, re-
spectively, and each cluster included sequences from
both vertebrates and fungi (Fig. 5). Thus the phyloge-
netic tree strongly supported the hypothesis that rpoIA,

Fig. 2. NJ tree of viral CD47 and related eukaryotic molecules, based
on the proportion of difference (p) at 245 aligned amino acid positions.
The tree was rooted with D. melanogaster wrapper. Numbers on the
branches are as in Fig. 1.

Fig. 3. NJ tree of viral casein kinase-related molecules and related
eukaryotic molecules, based on the proportion of difference (p) at 241
aligned amino acid positions. Numbers on the branches are as in Fig. 1.
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rpoIIA, and rpoIIIA diverged from each other prior to the
divergence of animals and fungi. Viral rpoA, including
those from poxviruses, clustered with eukaryotic rpoIA
(Fig. 5). The viral sequences all fell outside the cluster
containing vertebrate and fungal rpoIA, and this pattern
received highly significant (100%) bootstrap support
(Fig. 5). Thus, the phylogenetic analysis indicated that
the common ancestor of viral and vertebrate rpoA oc-
curred prior to the last common ancestor of animals and
fungi.

Overall, of the 18 protein families analyzed here, in
only 4 cases did the phylogeny provide no information
regarding the timing of the origin of viral genes (Table
2). In all of the 14 remaining families except IL-10, the
phylogenies provided statistically significant support for
origin of the viral genes prior to the rodent–primate di-
vergence and thus prior to the radiation of the major
orders of placental mammals (Table 2). In some cases,
there was evidence of a much earlier origin. There was
statistically significant support for the hypothesis that
carbonic anhydrase, RIR1, and RIR2 originated before
tetrapods diverged from bony fish (Table 2). Further-
more, in the case of rpoA and rpoB, there was statisti-
cally significant support for the hypothesis that the viral

genes originated prior to the divergence of animals and
fungi (Table 2).

Phylogenetic Analyses: Independent Origin of
Viral Genes

As mentioned previously, the IL-10 phylogeny supported
the hypothesis that the IL-10 genes of EBV, EHV2, and
ORFV originated independently (Fig. 1). Similarly, as
mentioned, the RIR1 phylogeny supported an indepen-
dent origin of RIR1 genes in poxviruses and herpesvi-
ruses (Fig. 4). In addition, the RIR1 tree supported the
hypothesis that the RIR1 gene of the African swine fever
virus, which belongs to a distinct group of DNA viruses,
had its own independent origin (Fig. 4). Furthermore,
RIR1 of the coliphage T4 (Myoviridae) clustered with
RIR-1 of E. coli (Fig. 4), indicating yet another indepen-
dent origin of a viral RIR1 gene. Overall, there was
statistically significant bootstrap support for independent
origin of viral homologues of vertebrate genes in four of
the families analyzed (Table 3).

An example of independent origin of the same gene
within a single viral family involved thymidine kinases
(THYK). In the absence of a known outgroup, the THYK

Fig. 4. NJ tree of viral ribonucleotide–diphosphate reductase, large
subunit (RIR1), and related molecules from eukaryotes and prokary-
otes, based on the proportion of difference (p) at 480 aligned amino
acid positions. The tree was rooted with prokaryotic sequences. Num-
bers on the branches are as in Fig. 1.

Fig. 5. NJ tree of viral DNA-dependent RNA polymerase, subunit A
(rpoA), and related eukaryotic and archaebacterial molecules, based on
the proportion of difference (p) at 695 aligned amino acid positions.
The tree was rooted with archaebacterial sequences. Numbers on the
branches are as in Fig. 1.
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phylogeny was unrooted (Fig. 6). THYK of mammalian
poxviruses clustered together with bird and mammal
THYK but apart from THYK of avian poxviruses (genus
Avipoxvirus), C. elegans, rice, and insect poxviruses
(Fig. 6). The internal branch separating these clusters
received significant (97%) bootstrap support (Fig. 6).
Because bird and mammal THYK clustered apart from
the Avipoxvirus THYK, the phylogeny indicates that the
latter originated prior to the divergence of birds and
mammals.

Rates of Evolution of Viral IL-10 Genes

Relative rate tests were used to compare the rates of
nonsynonymous substitution in SP, NTR, AB–CD loops,
and remainder between viral IL-10 genes and their clos-
est mammalian homologues (Table 4). In each case the
bovine IL-10 gene was used as a reference sequence. It
was not possible to apply this test to synonymous sites
because synonymous sites are saturated with changes in
the comparison between viral IL-10 genes and their clos-
est mammalian homologues (data not shown).

EBV, EHV2, and ORFV all showed higher rates of
nonsynonymous evolution in SP than did their closest
mammalian homologues, and the rate difference was sta-
tistically significant in the case of EBV and ORFV
(Table 4). In the mature polypeptide as a whole, all three

viruses showed significantly higher rates than their mam-
malian counterparts (Table 4). When the different re-
gions of the mature polypeptide were analyzed, all three
viruses showed a significantly higher rate than their
mammalian counterparts in the NTR, while only EBV
showed a significantly faster rate in the AB–CD loops
(Table 4). In the remainder of the mature polypeptide,
none of the three viral genes evolved at a significantly
faster rate than the mammalian genes (Table 4). Thus,
contrary to the expectation of Murphy’s (1993) hypoth-
esis, the mammalian genes did not show any evidence of
rapid amino acid change as an adaptation to avoiding
homology with viral IL-10. On the contrary, the viral
proteins overall evolved more rapidly at the amino acid
level than did their closest mammalian homologues.

The relatively high rate of nonsynonymous substitu-
tion in viral IL-10 genes may be due to a relaxation of
functional constraint on the viral IL-10 proteins, to posi-
tive Darwinian selection favoring amino acid replace-
ments in certain regions of the viral molecules, to a
higher mutation rate in the virus, or to some combination
of all three factors. I used further statistical analyses to
attempt to assess the relative contribution of these dif-
ferent factors.

To examine the mutation rate in viral IL-10 genes, I
compared IL-10 genes and three other genes between
EBV and BHV2 (Table 5). These include all protein-
coding genes for which homologues are available be-
tween the two viruses. The mean number of synonymous
substitutions per site between EBV and BHV2 for the
four genes was 0.545, while that for IL-10 was 0.830
(Table 5). As suggested in the case of IL-10 by the phy-
logeny in Fig. 1, it seems reasonable to assume that EBV
and BHV2 diverged from each other at the time of the
divergence of the human–great ape lineage from the Old
World monkeys. Given this assumption, comparison of
dS values between EBV and BHV2 to those between
human and Old World monkeys will provide an indica-
tion of the relative mutation rates in these viruses and in
their primate hosts. The mean dS between human and
Old World monkey IL-10 genes (Table 1) was 0.044
(Table 5). Assuming that human and Old World monkey
lineages diverged 23 million years ago (Kumar and
Hedges 1998), this corresponds to a mutation rate of 1 ×
10−9 mutation/site/year, which is not far from the mam-
malian average of 3–5 × 10−9 mutation/site/year (Graur
and Li 2000). The average dS value for all four viral
genes analyzed in Table 5 was 12.4 times the primate
value, while that for viral IL-10 was 18.9 times that
value. These results accord well with other estimates of
a mutation rate in herpesviruses about one order of mag-
nitude higher than that in mammals (e.g., Sakaoka et al.
1994).

The most powerful method of testing for positive Dar-
winian selection at the molecular level involves compari-
son of the numbers of synonymous and nonsynonymous

Fig. 6. NJ tree of viral thymidine kinase (THYK) and related eu-
karyotic molecules, based on the proportion of difference (p) at 171
aligned amino acid positions. Numbers on the branches are as in Fig. 1.
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nucleotide substitutions per site (Hughes and Nei 1988;
Hughes 1999). Because synonymous sites were saturated
in comparisons between viral IL-10 genes and their
closest mammalian homologues, this method was not
applicable in the present case. Therefore, I estimated
proportions of conservative (pNC) and radical (pNR) non-
synonymous nucleotide differences with respect to
amino acid residue charge in comparisons between viral
IL-10 genes and their closest vertebrate homologues
(Table 6). A pattern of pNR > pNC indicates that nonsyn-
onymous substitutions causing charge changes have oc-
curred more frequently than expected under random sub-
stitution and thus may be indicative of positive selection.

The results showed that pNR was greater than pNC in
the NTR for EBV, EHV2, and ORFV IL-10 genes, and
the difference was significantly different in the case of
EHV2 and ORFV (Table 6). Note that in the case of

EBV, several residues in the NTR have been deleted,
making the region much shorter than in human IL-10
(Zdanov et al. 1997). For this reason, the number of sites
compared in the case of the NTR of EBV was very small.
The relative rate tests showed an accelerated dN in the
AB/CD loops of EBV (Table 4); however, in this case
pNC was actually significantly greater than pNR, indicat-
ing that charge is conserved in this region of EBV in
spite of the high rate of nonsynonymous substitution
(Table 6). In other regions, pNC and pNR were about
equal. The results thus suggest that positive selection
may have been involved in the rapid evolution of the

Table 4. Relative rate tests of the number of nonsynonymous substitutions per 100 sites (dN) in different regions of viral IL-10 genes and their
closest mammalian homologuesa

Comparison (virus–
mammalian homologue) Region (No. of aligned codons) dN (virus–reference) dN (homologue–reference) Difference

EBV–human Signal peptide (14) 65.0 ± 20.2 15.4 ± 0.8 49.5 ± 23.0
Mature

NTR (9) 96.9 ± 38.9 22.8 ± 12.0 74.1 ± 36.7*
AB/CD loops (14) 48.4 ± 15.7 14.4 ± 7.0 34.0 ± 16.7*
Remainder (125) 11.7 ± 2.2 8.9 ± 1.8 2.9 ± 2.4

All (148) 18.0 ± 2.5 10.2 ± 1.8 7.8 ± 2.8**
EHV2–horse Signal peptide (17) 29.6 ± 10.5 11.8 ± 6.0 17.8 ± 12.3

Mature
NTR (20) 86.6 ± 23.4 20.1 ± 7.4 66.5 ± 25.1**
AB/CD loops (14) 31.0 ± 11.1 11.0 ± 6.0 20.0 ± 11.9
Remainder (126) 8.6 ± 1.8 6.6 ± 1.5 2.0 ± 1.8

All (160) 16.6 ± 2.3 8.5 ± 1.6 8.1 ± 2.6**
ORFV–sheep Signal peptide (18) 112.3 ± 35.1 11.7 ± 5.8 100.6 ± 36.6**

Mature
NTR (20) 94.7 ± 25.7 6.9 ± 4.1 87.8 ± 25.1**
AB/CD loops (14) 7.7 ± 5.0 7.7 ± 5.0 0.0 ± 0.0
Remainder (124) 3.5 ± 1.1 3.2 ± 1.1 0.4 ± 1.4

All (158) 11.0 ± 1.8 4.1 ± 1.1 7.0 ± 2.2**

a In all cases, the reference sequence was bovine IL-10. All values are ±SE. Tests of the hypothesis that the difference is significantly different from
zero: *p < 0.05; **p < 0.01.

Table 5. Numbers of synonymous (dS) and nonsynonymous (dN)
nucleotide substitutions per 100 sites (±SE) between homologous EBV
and BHV2 genes, and mean values between human and Old World
monkey IL-10 genesa

Comparison Gene dS dN

EBV–BHV2 BCL-2 54.5 ± 8.6 24.3 ± 2.7
BKRF2 40.8 ± 8.0 10.3 ± 1.9
BKRF3 39.6 ± 5.8 2.4 ± 0.7
IL-10 83.0 ± 14.4 11.8 ± 1.8

Mean 54.5 ± 9.7 12.2 ± 1.9
Human–Old World
Monkey IL-10 4.4 ± 1.9 2.1 ± 0.7

a Accession numbers for DNA sequences: EBV (V01555); BHV2
BCL-2 (AF200364); BKRF2 and BKRF3 (U23857); all others as in
Table 1.

Table 6. Percentage conservative (pNC) and radical (pNR) nonsyn-
onymous nucleotide differences (±SE), with respect to amino acid resi-
due charge, between viral IL-10 genes and their closest mammalian
homologuesa

Comparison Region pNC pNR

EBV–human Signal peptide 41.1 ± 10.7 51.5 ± 17.7
Mature

NTR 33.6 ± 15.8 70.8 ± 16.1
AB/CD loops 39.0 ± 12.2 5.7 ± 5.6*
Remainder 4.3 ± 1.6 4.6 ± 1.8

EHV2–horse Signal peptide 20.8 ± 7.6 21.1 ± 13.6
Mature

NTR 33.6 ± 9.9 67.0 ± 11.1*
AB/CD loops 19.6 ± 9.6 7.6 ± 6.4
Remainder 0.6 ± 0.6 2.2 ± 1.3

ORFV–sheep Signal peptide 63.4 ± 8.5 31.0 ± 15.2
Mature

NTR 43.0 ± 9.9 72.6 ± 10.8*
AB/CD loops 0.0 ± 0.0 0.0 ± 0.0
Remainder 2.5 ± 1.2 0.8 ± 0.8

a Tests of the hypothesis that pNC � pNR: *P < 0.05.
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NTR of viral IL-10 but that in other regions, even when
the rate of evolution is accelerated in the viruses, a re-
laxation of constraint rather than positive selection is the
most likely explanation.

Discussion

Evolutionary Relationships

Phylogenetic analyses of genes of DNA viruses having
vertebrate homologues supported the hypothesis that
these genes have originated independently, presumably
as a result of “capture” of host genes, at widely different
times over the history of life (Table 2, Figs. 1–6). The
most recently captured genes were the IL-10 genes of
EBV, EHV2, and ORFV, each of which was captured
independently in a different lineage of mammals after the
radiation of the placental orders (Fig. 1). In the case of
seven other protein families (casein kinase-related PK1,
CD47, DNA ligase, glutaredoxin, interleukin-1 receptor,
and profilin), phylogenetic analyses strongly supported
the hypothesis that the viral homologues originated prior
to the radiation of the placental orders, but the hypothesis
that these genes were captured since the origin of the
vertebrates could not be ruled out (Table 6). These seven
families include two (CD47 and interleukin-1 receptor)
that are involved in immune system processes which are
unique to vertebrates. In addition, in one other family
(carbonic anhydrase) there was strong evidence that the
viral gene originated prior to the bony fish–tetrapod di-
vergence, but an origin early in vertebrate evolution
could not be ruled out.

On the other hand, there were three cases in which the
phylogenies provided strong evidence that poxvirus
genes originated well prior to the origin of vertebrates:
the origin of casein kinase-related PK2 in poxviruses
prior to the deuterostome–protostome divergence (Fig. 3)
and the origin of rpoA (Fig. 5) and rpoB prior to the
animal–fungus divergence (Table 2). In three other cases
(RIR1, RIR2, and thymydylate kinase), the phylogeny
indicated that a viral gene originated prior to the origin of
vertebrates, but in these cases, the bootstrap support was
weak (Table 2). Interestingly, the poxvirus proteins that
originated early in the history of life include proteins
playing fundamental roles in DNA replication, such as
rpoA and rpoB; the presence of such proteins may have
been necessary for the origin of DNA viruses them-
selves.

In several cases, the phylogenies provided evidence
that genes homologous to those of vertebrates originated
independently in different groups of viruses. This implies
independent events of gene capture (Table 3). The most
dramatic example of this involved IL-10, with at least
three independent capture events in two viral families
having occurred since the radiation of the placental

mammals (Fig. 1). The evidence for such independent
events suggests that investigators should be cautious in
using viral genes that have vertebrate homologues in
reconstructing the phylogeny of the viruses themselves.

The question of the evolutionary origin of viruses
remains unsolved (Morse 1994). In addition, it is still
uncertain whether viruses are monophyletic, having a
single origin, or polyphyletic. It has been proposed that
all or most RNA viruses may form a monophyletic group
(Strauss and Strauss 1988), but monophyly of DNA vi-
ruses is much more uncertain. The present analyses sug-
gest the possibility that different major taxa of DNA
viruses may have been assembled independently by mul-
tiple gene capture events and thus that DNA viruses as a
whole may be polyphyletic.

The possible role of horizontal gene transfer early in
the history of life has been a subject of much recent
debate (Jain et al. 1999; Woese 2000). The DNA viruses
show potentially many cases of horizontal transfer of
genes to host. Some of these, as in the case of IL-10, may
be relatively recent. Further study of both the molecular
mechanisms and the evolutionary dynamics of gene
transfer in the case of DNA viruses may thus yield valu-
able insights that will help us in understanding analogous
processes early in evolutionary history.

IL-10 Evolution

The fact that at least three viral lineages have indepen-
dently captured host IL-10 genes supports the hypothesis
that possession of an IL-10 molecule confers an advan-
tage on a DNA virus infecting a mammal, presumably
because of its disruptive effect on host immune system
signaling (Liu et al. 1997). However, contrary to the
hypothesis of Murphy (1993), there was no evidence of
accelerated evolution in mammalian IL-10 as a means of
evading similarity with viral IL-10. Rather, viral IL-10
genes showed significantly higher rates of nonsynony-
mous substitution than their closest mammalian counter-
parts (Table 4). Partly, this acceleration was due to the
higher mutation rate of the viruses, estimated in the case
of primate herpesviruses to be roughly 10–20 times that
of their hosts (Table 5). However, in the portions of the
mature IL-10 protein other than the NTR and AB/CD
loops, there was no significant difference between viral
and mammal genes with respect to the rate of nonsyn-
onymous evolution (Table 4). Because there are striking
differences between domains with respect to evolution-
ary rate, the difference in the mutation rate is apparently
not the only factor responsible for differences in evolu-
tionary rate.

The accelerated rate of nonsynonymous substitution
in specific domains of viral IL-10 might be attributed
either to a relaxation of functional constraint or to posi-
tive selection favoring differences between viral and host
IL-10. In the signal peptide of EBV, EHV2, and ORFV
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IL-10 and in the AB/CD loops of EBV IL-10, the results
showed an increased rate of nonsynonymous evolution in
the virus but no evidence of positive selection in the form
of directional change in amino acid properties (Tables 4
and 6). This suggests that in these regions there has been
a reduction of functional constraint in the case of viral
IL-10 in comparison to that of vertebrates.

In contrast, in the NTR of EBV, EHV2, and ORFV,
nonsynonymous differences causing charge changes oc-
curred to a greater extent than expected under random
substitution. This pattern was statistically significant in
the case of EHV2 and ORFV. It was not significant in the
case of EBV, but in EBV the NTR region is much shorter
than that of its human homologue as a result of an ex-
tensive deletion (Walter and Nagabhushan 1995). It is
believed that the NTR forms part of a binding site for an
accessory IL-10 receptor chain (Zdanov et al. 1997). If
so, the dramatically different pattern of amino acid resi-
due charges in this region in viral IL-10 might be ex-
pected to reduce or eliminate binding with this accessory
chain. This, in turn, may account for the fact that viral
IL-10 displays some but not all of the signaling proper-
ties of host IL-10 (Liu et al. 1997).

Among available methods of testing for positive se-
lection at the molecular level, the most powerful involves
comparison of rates of synonymous and nonsynonymous
nucleotide substitution (Hughes 1999). A bias toward
radical amino acid residue changes, as seen in the case of
viral IL-10, is consistent with positive selection but does
not conclusively demonstrate it. However, it is worth
noting that, in many cases where positive selection has
been demonstrated by comparison of synonymous and
nonsynonymous substitutions, a preponderance of radi-
cal amino acid changes has also been observed (Hughes
1999). Furthermore, in the case of viral IL-10, there are
additional lines of evidence supporting the hypothesis of
adaptive evolution. First, structural changes in the NTR
are correlated with functional changes in viral IL-10 (Liu
et al. 1997). Second, the fact that a similar pattern of
directional amino acid changes has occurred indepen-
dently in the same region in three viral lineages supports
the hypothesis that structural difference in the NTR of
IL-10 is selectively advantageous for the virus.
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