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The role played by viruses in the evolution of their hosts:
a view based on informational protein phylogenies
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Abstract

Viruses are often considered as fragments of cellular RNA or DNA that escaped a long time ago from cellular chromosomes
evolved later on by capturing additional genes from the genomes of their hosts. However, this view has now been challenged by the
of surprising homology between viruses with very distantly related hosts, and by phylogenetic analyses suggesting that genes
have flown from viruses to cells. We present here phylogenetic analyses of four proteins involved in DNA replication and syn
DNA precursors (DNA polymerases delta, ribonucleotide reductases, thymidylate synthases and replicative helicases) and we
reciprocal roles of cells and viruses during the evolutionary history of these enzymes. These analyses revealed numerous lateral g
events between cells and viruses, in both directions. We suggest that lateral gene transfers from viruses to cells and nonorthol
replacements of cellular genes by viral ones are an important source of “genetic novelties” in the evolution of cellular lineages. Thu
have definitively to be considered as major players in the evolution of cellular genomes.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

Despite their huge biodiversity, viruses and other mo
genetic elements, like plasmids or transposons, remain
siderably understudied by evolutionary biologists, in co
parison to their cellular hosts. Their potential role in h
evolution is often underestimated and viral genes are ra
used in molecular phylogeny studies. The main explana
for this situation is that viruses are often conceived as
riving mostly from cellular DNA, which recently becam
autonomous. Accumulating evidence, however, supports
view that viruses probably diverged before the LUCA (
last universal cellular ancestor). A major argument in fav
of this hypothesis is the existence of numerous strik
structural similarities between viruses that infect organis
belonging to the different domains of life. For instance,
chaeal and bacterial tailed phages show remarkable mor
logical similarity [24] and the archaeal viruses SIRV sh
significant structural and mechanistic similarities to euka
Poxviruses [17]. Moreover, some eukaryal and bacte
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viruses exhibit a high level of similarity with regard to th
organisation of their genomes and replication process
Finally, studies on the structure of capsid proteins have
vided evidence for relatively close relationships betw
some bacteriophages and eukaryal viruses [10].

This long evolutionary history of viruses opens up int
esting questions about the role played by viral and cell
forms of life in their respective evolutions. As viruses w
large and double-stranded DNA genomes have many g
homologous to cellular genes, they are generally thoug
have evolved by capturing multiple genes from their ho
In this case, in a phylogenetic tree, viral sequences are li
to be sister groups of the corresponding sequences
their cellular host. A good illustration of this is given b
Moreira [15] who showed that, for three different bact
ial proteins (replicative helicase, Ssb protein and topo
merase III), some phage and plasmids sequences cou
related to hosts sequences through multiple horizontal g
transfers from cells to phages. Actually, a still more co
plex situation is conceivable, and probably more appropr
since extant genomes might be mosaics of sequences o
ious origins, resulting from horizontal gene transfers fr
cells to viruses, but also from viruses to cell [11,22,24]
from nonorthologous gene displacements [4]. Nonorth
Elsevier SAS. All rights reserved.
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gous gene displacement refers to situations where unrel
or paralogous proteins are responsible for the same
cal functions in different species [13]. Forterre sugges
that plasmids and viruses were the donors of nonortholog
genes that replaced ancestral cellular versions in the ev
tion of the DNA replication mechanisms [6]. The RNA a
DNA polymerases of the mitochondrion appear to be g
examples of such nonorthologous displacement of a cel
gene by a viral version. Indeed, phylogenetic analyses i
cate that they are more related to bacteriophage T3/T7 R
polymerase [8] and T3/T7 DNA polymerase, than to RN
and DNA polymerases from their bacterial ancestor [4].

In this work, we were interested in further docume
ing the reciprocal role of gene exchange between viru
and their hosts in their respective evolution. We focused
work on enzymes involved in DNA metabolism and rep
cation because, in addition to cellular sequences, nume
viral and plasmid sequences are available in the datab
for these proteins. Based on several phylogenetic stu
our work confirms that, as previously suggested, lateral g
transfer between viruses and their hosts seem to be a m
factor in viral genome evolution.

2. Methods

For each family of proteins that we have studied
representative query sequence was chosen as the
for a BLAST search [2]. The homologous sequences w
retrieved using the program ALIBABA (Philippe Lope
personal communication) and aligned with each other u
CLUSTAL W [21]. The alignment was refined manua
with the help of the ED program of the MUST packa
version 3.0 [18]. Positions that could not be unambiguou
aligned were excluded from the analysis and gaps w
removed.

Phylogenetic trees were constructed with maximum li
lihood (ML) and distance-based methods, using the p
grams PROTML [1] (version 2.3) and NJ in the MUS
package [18] (version 3.0), respectively. ML trees were
tained by a quick-add search with 1000 replications us
the JTT-F model of substitution and bootstrap values w
calculated using the RELL method with the BOOTML pr
gram (Philippe, personal communication). NJ trees were
tained without any distance correction (p-distance) and b
strap proportions (BP) were calculated by analysis of 1
replicates using the NJBOOT program of the MUST pa
age (version 3.0) [18].

3. Results

3.1. Phylogeny of DNA polymerases

We previously performed an extensive phylogenetic a
ysis of the five main DNA polymerase families (A, B, C
,

-

s
s
,

r

y

X, and Y) [4]. Viral and plasmid genes encoding for th
own DNA polymerases are widespread in several of th
families (A, B, Y and to a lesser extent C). This analy
has shown that multiple gene exchanges occurred betw
viruses, plasmids and hosts in almost all these families
particular, we obtained evidence that the ancestral repli
of the mitochondria or their bacterial ancestor (from fa
ily C) was replaced by a nonhomologous DNA polymer
of viral origin (related to bacteriophage T3/T7) that beca
the mitochondrial DNA polymerase gamma [4].

In agreement with a previous report by Villarreal [23
our global phylogenetic analysis of family B also sugges
that eukaryal DNA polymerase delta was of viral origin [2
Here we performed a phylogenetic analysis of the B D
polymerases of the subclass “delta”, rooted with the z
subclass to obtain more precise information on this is
(Fig. 1). In addition to cellular DNA polymerases, the su
class delta includes genes belonging to several group
eukaryotic viruses: Herpesvirus, Phycodnavirus, Ascov
and Iridovirus. By focusing our analysis, we could use
larger number of positions (278 amino acids). Moreover
constructed the tree using a maximum likelyhood appro
which is not very sensitive to the difference in evolutiona
rates among sequences that can otherwise dramatical
fect phylogenetic trees in which viral and cellular sequen
are mixed [15]. The resulting tree is presented in Fig. 1.
monophyly of the cellular sequences, on the one hand,
of the viral sequences, on the other hand, are strongly
ported, but viral genes occupy the base of the tree with a
statistical support. These results might indicate that an
cient gene exchange indeed occurred between an anc
virus and its host before the radiation of eukaryotic ce
lar lineages. However, the polarity of this transfer canno
determined.

3.2. Phylogeny of ribonucleotide reductases

Ribonucleotide reductases (RNRs) are key enzyme
the transition from an “RNA world” to a “DNA world”.
They have been classified into three classes (I, II
III) according to their subunit composition and cofac
requirement. Class I is present in Bacteria and Euka
whereas class II and III are present in Bacteria and Arch
Many viruses also encode their own RNRs. Mechani
and structural similarities indicate that all RNRs are b
around a homologous catalytic core subunit [19]. Howe
extensive sequence similarities can only be detected bet
class I and II catalytic subunits [12]. Here we present
phylogeny of the homologous subunits of families I and
In order to deal with a larger number of amino acid positio
only prokaryotic sequences were used to build up the NJ
presented in Fig. 2.

In this analysis, the RNR of the bacteriophage SPB
and that of the archaeal phage HF2 are closely relate
the RNR of their hosts (Bacillus subtilis andHalobacterium
sp., respectively). The RNR ofB. subtilis and of the
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Boots
ar rep
Fig. 1. Phylogenetic tree of B-type DNA polymerase belonging to the “Delta” family. The tree was rooted using the sequences of the “Zeta” family.trap
values higher than 90% are indicated by a filled circle, and those lower than 50% were collapsed. Viral sequences are indicated in bold. The scale bresents
the number of substitutions per 100 sites for unit branch length.
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bacteriophage SPBC2 are clustered together with RNR
other Gram-positive bacteria, while the RNR of HF2 a
Halobacterium are clustered with other archaeal RNR. T
suggests that these viruses have acquired their RNR
their hosts rather than the reverse. The sequence o
coliphage T4 RNR also appeared to be closely relate
one of the RNRs from its host (E. coli) (called type Ia, 12)
in a cluster of RNRs from Proteobacteria. However in t
case, the situation is more complex, sinceE. coli and another
member of this cluster,Salmonella typhimurium, possess
another RNR (Ib) which is located in a large group
RNRs from various bacterial phyla. This might indicate t
the Ib RNR corresponds to the ancestral RNR presen
Bacteria, whereas the “Ia” RNR of Proteobacteria has a v
origin. In this hypothesis, the two RNRs were conser
in S. typhimurium and E. coli, whereas one of them wa
selectively lost in the other Proteobacteria.

3.3. Phylogeny of thymidylate synthase (TdS)

TdS have been essential in the transition from the DNA
world (DNA containing uracil) to a DNA-T world (DNA
containing thymidine) since these enzymes are required
the synthesis of dTMP by methylation of dUMP. For a lo
time, all TdS were believed to be homologous. Howev
it turned out recently that two families of nonhomologo
TdS, ThyA and ThyX are present in living organisms [1
Numerous viral sequences are available in the databank
these two proteins. Here we present the ML phylogen
the ThyA protein (Fig. 3), whereas we published elsewh
the phylogeny of ThyX [16]. In the eukaryotic Thy
r

tree, several viral lineages are dispersed between va
eukaryotic kingdoms, whereas a series of herpes viruse
grouped together with the mammalian sequences. The
grouping argues for the acquisition of these herpes viral
from their hosts. In contrast, the erratic dispersion of
other viral TdS in the eukaryotic tree renders uncertain
conclusion about their phylogenetic positions.

Interestingly, all prokaryotic ThyA were grouped into tw
clusters in our phylogeny, one that includes only Bacte
and the other that includes Bacteria, bacteriophages
one archaeon (Haloferax volcani). In this second group
the viral and cellular ThyA proteins are mixed up. So
viral proteins, such as those from theBacillus subtilis
bacteriophages beta-22 and phi-3T are located close t
ThyA proteins of their hosts, whereas others, such as T
of bacteriophages T4 and pHCM2 are located at the b
of the group. Some bacteria, for exempleB. subtilis, have
two ThyA proteins, one from each group. This sugges
viral origin for the cellular ThyA proteins included in th
group containing both cells and viruses. However, the l
branches of all members of this group in the ThyA t
represent a powerful source of bias, so that their grou
might also result from the long branch attraction (LB
artefact, rather than reflecting evolution from an act
common ancestor gene. Consequently, our conclusion a
the viral origin of this cluster has to be taken with caution

Interestingly, ThyA and ThyX have sporadic phylog
netic distributions and this repartition is mutually exc
sive [16]; when ThyX is present, ThyA is absent, and v
versa (except forMycobacterium species, whose genom
harbour the two classes). Moreover, as shown here fo
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Fig. 2. Unrooted phylogenetic tree of the prokaryotic families I and II of the ribonucleotide reductase. Bootstrap values higher than 90% are indied by a
filled circle, and those lower than 50% were collapsed. Viral sequences are indicated in bold. The scale bar represents the number of substitutions100 sites
for unit branch length.
een

pen
TdS

otei
he-
f

00).

re-

er-
se
e
the

rial

eta-

ges

re-

ac-
are
sta-
genethyA, numerous events in lateral gene transfer betw
viruses and cells have also affected the genethyX. These ob-
servations are in agreement with the idea that many inde
dent nonorthologous gene displacements of one class of
by the other occurred in various cellular lineages.

3.4. Phylogeny of prokaryotic and mitochondrial
replicative helicases

Some bacteriophages encode a helicase-primase pr
whose helicase domain is homologous to the bacterial
licase involved in DNA replication: DnaB. A phylogeny o
these proteins was previously published by Moreira (20
His analysis led to the conclusion that severaldnaB genes
were transferred from Bacteria to bacteriophages. More
-

n

cently, it was noticed in silico [14] and demonstrated exp
imentally [20] that mammals contain a DnaB-like helica
which is involved in mitochondrial DNA replication. W
thus decided to perform a new phylogenetic analysis of
DnaB family. BLAST search seeded with the mitochond
DnaB sequence ofHomo sapiens retrieved with highly sig-
nificantE value several other eukaryotic sequences (M
zoa, andPlasmodium, E value <10−50, and Arabidopsis,
E value= 10−7) and several sequences of bacteriopha
belonging to the T3/T7 group (E values between 10−9

and 10−5). Canonical bacterial DnaB sequences were
trieved with less significantE values, starting with 10−3.
The ML phylogeny of these sequences rooted with the b
terial DnaB is presented in Fig. 4. Eukaryotic sequences
a sister group of the T3/T7 phage sequences with high
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Fig. 3. Unrooted phylogenetic tree of thymidylate synthase (ThyA type). Bootstrap values higher than 90% are indicated by filled circle, and thoseer than
50% were collapsed. Viral sequences are indicated in bold. The scale bar represents the number of substitutions per 100 sites for unit branch leng
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tistical support. As mitochondria derived from a proteob
terium, their mitochondrial DnaB should have formed
monophyletic group with bacterial ones if they were deriv
from the helicase of the endosymbiont. Our result indica
instead that the mitochondrial DnaB most likely origina
from a T3/T7 related phage rather than from a bacteri
This is reminiscent of the situation reaveled by mitochon
ial RNA polymerase [9] and DNA polymerase [4] phylog
nies. All these data suggest that a global event in horiz
tal gene transfer involving at least three genes occurred
tween mitochondria (or their bacterial ancestor) and a ph
belonging to the T3/T7 group.

4. Discussion

This study, in analysing the phylogenies of seve
proteins implicated in the replication and the metabolism
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Fig. 4. Phylogenetic tree of the replicative helicase DnaB rooted with
canonical bacterial DnaB. Bootstrap values higher than 90% are indic
by filled circle, and those lower than 50% were collapsed. Viral seque
are indicated in bold. The scale bar represents the number of substitu
per 100 sites for unit branch length.

DNA, revealed various evolutionary relationships betwe
viruses and their hosts. We can principally identify th
major types of relationships.

4.1. Horizontal gene transfer from cells to viruses

In our study, horizontal gene transfer from cells to viru
was strongly suggested for the ribonucleotide reductas
the archaeal phage HF2 and theBacillus phage SpBc. This
case is well known, and many other examples exis
the literature, such as the UTPase of theBacillus phage
SpBc [3], or the single strand binding protein (Ssb) of
coliphage P1 [15]. As the mutational rates of viral prote
are thought to be higher than those of their hosts, interes
questions are raised about the destiny of these cellular g
in their new environment. Many of them are probably l
in the course of evolution and could transiently beco
pseudogenes. But others could be conserved if they prov
any selective advantage to the virus and could poss
acquire new properties (such as high processivity in the
of DNA polymerases).

4.2. Horizontal gene transfer from viruses to cells

When several copies of the same gene are present
cellular genome, and one of them is closely related to a v
counterpart, the simplest explanation is that the latter g
has a viral origin. In our study, this is the case for the
class of the ribonucleotide reductase of Proteobacteria,
s

for one of the two copies of the TdS (ThyA) of theBacillus
species. A similar situation exists for the DNA polymera
delta of eukaryotes [23] and for the DNA polymerase
of Halobacterium sp. [4]. The alternative explanation fo
such a situation implies the duplication of the cellular ge
then followed by the acquisition of one paralogue by a vir
But this explanation does not account for the phylogen
pattern observed in the examples quoted above. Indeed
cellular proteins that are suspected to be of viral origin
generally located far from the other cellular proteins in
tree (e.g., the cluster grouping ThyA ofBacillus species with
bacteriophage Phi-3t and beta-22 ThyA is located far fr
all the other Gram-positive bacteria, Fig. 2).

4.3. Nonorthologous gene displacement of cellular
gene by a viral gene

This is a special case of the horizontal gene transfer
larised from viruses to cells, i.e., when the viral gene
placed a nonorthologous cellular version. Two examples
documented in the literature for mitochondrial RNA a
DNA polymerases which both came from a T3/T7 type b
teriophage [4,8]. Here we show that the replicative helic
DnaB of the mitochondrion also probably originated from
T3/T7 type bacteriophage. In addition, the existence of
different TdS, and the respective phylogeny of each p
tein ([16] for ThyX and this study for ThyA) testify to th
existence of multiple and independent events of nonort
ogous gene displacement of a cellular gene by a viral
This is probably the case for the thymidylate synthase Th
of Mycobacterium species, which are closely related to tha
of the temperate Mycobacteriophages D29 and L5. Such
quisition by a cellular host of a viral gene with no clear h
molog in its genome could be a powerful source of gen
novelty. Finally, this has raised the question of the poss
invention of a new gene by a virus followed by a trans
into the genome of its host.

The integration of cryptic prophages which have lost th
ability to excise and replicate themselves seems to b
common mechanism to acquire viral genes. For exam
one of the C-type DNA polymerases ofB. subtilis is located
in a cryptic prophage genome [4]. Temperate bacterioph
which integrate their genomes in the host genomes
that exist in a carrier state for a long evolutionary peri
could also be a source of new cellular genes. The m
likely process for these captures of viral genes by cell
genomes is illegitimate recombination events mediated
transposons or other mobile elements

The existence of several nonhomologous genes for
complishing the same biological function is well doc
mented [7]. This situation is crucial for the DNA replic
tion apparatus, which is very different in Bacteria compa
to Archaea and Eukarya. It was suggested that viruses
played a central role in this phenomenon [4,6,22]. Our
sults are in agreement with these ideas, since we were a
show that several cellular genes, especially in bacteria,
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have a viral origin. However, much more data are nee
to substantiate these scenarios. Several phylogenies ar
ficult to interpret because of a high level of gene excha
between viruses and host cells, the loss of a phylogen
signal for ancient phylogenies, and the restricted samp
of viral sequences. Hopefully, the systematic sequencin
new viral genomes from different virus families and fro
viruses infecting very divergent species will in the end p
vide decisive data for better understanding the evolutio
viruses and for confirming the importance of their contrib
tion to the evolution of their hosts.
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