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Abstract. A phylogenetic analysis of the five major
families of DNA polymerase is presented. Viral and plas-
mid sequences are included in this compilation along
with cellular enzymes. The classification by Ito and
Braithwaite (Ito and Braithwaite 1991) of the A, B, C, D,
and X families has been extended to accommodate the
“Y family” of DNA polymerases that are related to the
eukaryotic RAD30 and the bacterial UmuC gene prod-
ucts. After analysis, our data suggest that no DNA poly-
merase family was universally conserved among the
three biological domains and no simple evolutionary sce-
nario could explain that observation. Furthermore, vi-
ruses and plasmids carry a remarkably diverse set of
DNA polymerase genes, suggesting that lateral gene
transfer is frequent and includes non-orthologous gene
displacements between cells and viruses. The relation-
ships between viral and host genes appear very complex.
We propose that the gamma DNA polymerase of the
mitochondrion replication apparatus is of phage origin
and that this gene replaced the one in the bacterial an-
cestor. Often there was no obvious relation between the
viral and the host DNA polymerase, but an interesting
exception concerned the family B enzymes: in which
ancient gene exchange can be detected between the vi-
ruses and their hosts. Additional evidence for horizontal
gene transfers between cells and viruses comes from an
analysis of the small damage-inducible DNA polymer-
ases. Taken together, these findings suggest a complex
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evolutionary history of the DNA replication apparatus
that involved significant exchanges between viruses,
plasmids, and their hosts.
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Introduction

During the past decade a large number of DNA poly-
merase sequences from all three domains of life (Ar-
chaea, Bacteria, and Eukarya) have been entered in the
databases. These gene sequences can be arranged into
families or subfamilies and various phylogenies have
been proposed for these enzymes (Braithwaite and Ito
1993; Edgell et al. 1998; Huang and Ito 1999). Ito and
Braithwaite, in a now classic paper, classified all the
DNA polymerases sequences into four families (A, B, C,
and X) (Ito and Braithwaite 1991). This DNA polymer-
ase phylogeny is dated and in the light of the enormous
amount of sequence data accumulated in the last ten
years requires a re-examination. In addition, DNA poly-
merases are the ideal phylogenetic markers to study an-
cient relationships between cellular and viral genes, since
they offer the greatest number of viral and cellular ho-
mologs.

There is considerable diversity among DNA polymer-
ases and their functions are not all identical. Recently, a
new family of DNA polymerases has been discovered in
the Euryarchaea (Ishino et al. 1998) and many small
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Table 1. The world of DNA polymerase: families, distribution, activities, and particularities
Polymerase Family Y
family Family A Family B Family C Family D Family X Rad30/DIN/UmuD
Repartition ~ -Bacteria -y-Proteobacteria -Bacteria -Bacteria -Bacteria (DinX,
DinB, UmuD)
-Mitochondrion (vy)
-Metazoa, Plants -Eukaryota -Eukaryota -Eukaryota (Rad30,
(mus308) (o, 8, ¢, €) (m, B, TdT) i, DinB, REV1)
-Archaea -Euryarchaea -Archaea
-Plasmids, Viruses, -Cryptic phages -Viruses -Archaea (Dbh)
-Phages Phages -Plasmids -Plasmids
Associated ~ 3'-5" Exonuclease  3'-5" Exonuclease  3'-5’ Exonuclease 3'-5’ Exonuclease 5’ phosphatase (3)
Activity
5'-3" Exonuclease  Primase (&)
Particularity 2 categories: Template-independent

-Protein-primed
-RNA-primed
Eukaryotic
polymerase
performs
translesional
reparation

polymerase

DNA polymerases have been described in Bacteria and
Eukaryotes (Goodman and Tippin 2000) that are in-
volved in mutagenic repair. The characteristics of the six
major groups of DNA polymerases are summarized in
Table 1. DNA polymerases belonging to families B, C,
and D appear to be involved in chromosomal replication,
while A-type DNA polymerases replicate the mitochon-
drial DNA. Only A and B type DNA polymerases rep-
licate viral genomes, but the repair of DNA seems to
involve DNA polymerases from all the families (Hiib-
scher et al. 2000). On the basis of the comparison of their
amino acid sequences, the DNA polymerase families all
seem to be unrelated. However, the A and B families
share some common biochemical and structural features
(Steitz 1999), particularly in the domain encoding their
3'-5" exonuclease (Zhu and Ito 1994). The strong con-
servation of amino-acid motifs in the three “exo boxes”
make it likely that at least the exonuclease domains of
the A, B, and C DNA polymerases families are ho-
mologs. It is unclear, however, if the common features
observed in their polymerization domains share a ho-
mologous origin or not. In some of the polymerases of
the ABC families, a separate polypeptide encodes the
exonuclease domain (e.g. bacterial DNA polymerase I1I)
whereas other polymerases lack this exonuclease activity
(e.g. the Taq polymerase). Although some polymerases
form large protein complexes (especially those involved
in DNA replication) others are monomers or dimers of
proteins with only one or a few domains.

Genetic and biochemical studies have established that
a DNA polymerase of the C family is the principal DNA
replication enzyme in bacteria (Kornberg and Baker
1992). Surprisingly, a gene encoding for a C-type DNA
polymerase is absent from both the Archaea and Eukarya

(Table 1). In Eukarya, several polymerases belonging to
the B family (a, 9, €) have been implicated in chromo-
somal DNA replication (Hiibscher et al. 2000). The iden-
tity of the archaeal replicase is unknown, but from the
distribution of DNA polymerase genes in the genomes of
these organisms, it seems likely that the Crenarchaea use
a B DNA polymerase for replication process and the
Euryarchaea use either a B or a D polymerase, or both
(Cann and Ishino 1999). This distribution illustrates the
striking differences in the replication machinery of the
three biological domains, although the archaea and Eu-
karyotes have some similarities. Several hypotheses have
been proposed to explain this observation. Koonin and
his co-workers have suggested that the LUCA (the Last
Universal Common Ancestor) had an RNA genome and
that DNA replication independently evolved twice, once
in the bacterial lineage and again in the archaeal/
eukaryotic lineage (Leipe et al. 1999). Another hypoth-
esis postulates that the DNA replication machinery of
LUCA was rather flexible in its constituents and that
none of them was universally conserved, or alternatively
that these sequences have diverged so much that the
original homology is no longer detectable (Edgell and
Doolittle 1997). Finally, a third hypothesis proposed that
non-orthologous gene displacement was the explanation
for the sequence diversity (Forterre 1999). In this case,
unrelated or paralogous proteins are responsible for the
same critical functions in different species (Koonin et al.
1996). Forterre suggested that plasmids and viruses
might often be the donors of the non-orthologous repli-
cation genes that replaced the ancestral cellular versions
(Forterre 1999). The study of DNA polymerases evolu-
tion seems particularly appropriate to test the validity of
the latter hypothesis, since all DNA polymerase families



possess plasmid or viral members. Also because DNA
polymerases are involved in numerous different func-
tions (Table 1). A good example of non-orthologous dis-
placement of cellular gene by a viral version is the case
of RNA polymerase of mitochondrion which is appar-
ently derived from a bacteriophage T3/T7-type RNA
polymerase rather than a bacterial enzyme (Gray and
Lang 1998). Villarreal (Villarreal 1999) has discussed a
hypothesis that the DNA polymerase of eukaryotes had
its origins in eukaryotic DNA viruses.

We have performed a comprehensive phylogenetic
analysis of DNA polymerases with the objective of clari-
fying the relationships and critically testing the hypoth-
esis of non-orthologous gene displacement by genes of
viral or plasmid origin. To do such a global analysis, we
have extensively screened public databases using mul-
tiple query sequences to retrieve as many viral, plasmid
and cellular DNA polymerases sequences as possible.
We have also included in this study several unpublished
DNA polymerases sequences obtained from recently
characterized archaeal viruses HF1 and HF2 (Nuttall and
Dyall-Smith 1995) and from T4-related phages (RB49
and RB69). Thus, this analysis is the first to include viral
and cellular enzymes from each of the three biological
domains. Our study reveals that mitochondrial DNA
polymerases of the A family are only distantly related to
their bacterial homologs and may have originated from a
bacteriophage (as it is the case for the RNA polymerase)
rather than from the a-proteobacterial ancestor of mito-
chondria. Additional evidence was found for horizontal
transfer between viruses and plasmids and their hosts.
Most of these examples concerned the small, damage-
inducible polymerases of the mutagenic repair pathway
and appeared to be rather recent.

The B-type DNA polymerases of the archaeal virus
HF2 and HF1 appears very interesting because they are
closely related to the DNA polymerase of their host but
are only distantly related to the other Archaecal DNA
polymerase. This suggests a rather recent horizontal gene
transfer of the halovirus-type DNA polymerase in the
genome of their host. Finally, we also obtained indica-
tions of a very ancient gene transfer between eukaryotic
cells and their viruses but without being able to define
the direction of this transfer.

This phylogenetic study of DNA polymerases clari-
fies the relationships within each polymerase family and
revealed that the relationships between the viral and host
genes are very complex, probably reflecting a very long
evolutionary history dating back to LUCA or, perhaps,
even earlier.

Materials and Methods

BLAST (Altschul et al. 1990) or PSI BLAST (Altschul and Koonin
1998) search with a threshold probability value for inclusion in the first
step of iteration of 0.002, identified all sequences belonging to each
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family of DNA polymerase available in data banks. The program ALI-
BABA (Philippe Lopez, personal communication) allowed us to re-
trieve all sequences automatically and to write them into a MUST-
compatible file (Philippe 1993). Samples were completed with
preliminary sequence data obtained from the Institute for Genomic
Research website at http://www.tigr.org.

Because of the high degree of divergence of the regions surround-
ing the conserved domains, the alignment of these sequences was car-
ried out in two steps. Initially, sequences thought to be orthologous
were aligned with each other (for example all the mitochondrion A-
family or all the eukaryotic o polymerase) using CLUSTAL W
(Thompson et al. 1994) and refined manually with the help of the ED
program of the MUST package version 3.0 (Philippe 1993). Then,
separated alignments of orthologs were combined and aligned by hand
with the help of the BLAST output. Concerning the families A, B, and
C of DNA polymerase, we used as reference the alignment proposed by
Braithwaite and Ito (Braithwaite and Ito 1993). All the alignments can
be found at http://www-archbac.u-psud.fr/Projects/dnapol/Ali_
debut.htm. Positions that could not be unambiguously aligned were
excluded from the analysis, and gaps were removed. Phylogenetic trees
were constructed with the maximum-likelihood (ML), maximum par-
simony (MP), and distance-based methods, running the programs PRO-
TML (Adachi and Hasegawa 1996) version 2.3, PAUP (Swofford
1993) version 3.1, and NJ in the MUST package (Philippe 1993) ver-
sion 3.0, respectively. MP trees were obtained by a heuristic search. NJ
trees were obtained without any distance correction (p-distance) and
bootstrap proportions (BP) were calculated by analysis of 1000 repli-
cates using the NJBOOT program of the MUST package (Philippe
1993) version 3.0.

Due to the high number of taxa used, the exhaustive search of the
ML trees were performed in constraining some nodes. We used the NJ
and PAUP trees topology to contribute to constrain taxa. The model of
amino acid substitution used was JTT-F (Jones et al. 1992). Bootstrap
values were calculated using the RELL method with the BOOTML
program (Philippe, personal communication) on the 1000 best trees.

Results

Phylogeny of Family A Polymerases

The prototype of DNA polymerases family A is the E.
coli DNA polymerase I (Kornberg’s polymerase). A PSI-
BLAST-search performed with E. coli Pol I sequence as
the query, retrieved the bacterial homologs, followed by
several bacteriophage DNA polymerases of both Gram
positive or Gram negative hosts and the N-terminal do-
main of a novel eukaryotic nuclear DNA polymerase/
helicase (Harris et al. 1996). The mitochondrial gamma-
type DNA polymerases, which are also encoded by
nuclear genes, were retrieved using a PSI-BLAST after
one step of iteration. A BLAST search seeded with the
sequence of Homo sapiens Mus308 gene product (also
called DNA polymerase eta by Burtis and Harris in
1997) retrieved first the sequence of a proteobacterium
(Rhodothermus sp.), suggesting that the eukaryotic
Mus308 gene product could be of mitochondrial origin.

The alignment revealed that the exonuclease domains
were very poorly conserved outside of the three exo
boxes. So we used only the polymerase domains to con-
struct the phylogenetic trees. We finally retained for the
analysis 122 positions for 65 taxa. We first performed a
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Bactericphage spo?

Bacteriophags T3
Bactericphage T7

Fig. 1. ML phylogeny of the family A of DNA polymerases. Thick
branches indicate constrained groups during the analysis (see text).
Viruses names are underlined. Figures in italics indicate ML-bootstrap
values and roman ones NJ-bootstrap values. In frames are indicated the

NIJ phylogeny. The result of that analysis helped us to
constrain some nodes for the ML analysis, giving the
unrooted tree presented in Fig. 1. To accelerate the ML
analysis, only eight sequences of proteobacteria were
used. The results of these phylogenetic analyses con-
firmed the specific relationships between DNA polymer-
ases from bacteria and eukaryotic nuclear DNA polymer-
ase/hélicase first suggested by BLAST. Indeed, they
were closely related in both ML and NJ trees, showing a
grouping of two monophyletic groups, each containing
either the eukaryotic sequences or the bacterial ones.
Phylogenetic analysis also confirmed that mitochondrial
DNA polymerase gamma and bacteriophage DNA poly-
merases are only distantly related to their bacterial ho-
mologs. Bacteriophage DNA polymerases all appear
very remote from each other (except for the group of T3
related bacteriophage and two Mycobacteriophages)
with no specific relationships between bacteriophages
infecting the same host (see Spo1/Spo2 or T3/T5). Inter-
estingly, mitochondrial DNA polymerase gamma turned
out to be sister group to bacteriophages T3/T7/Phi-yeo3-
12 DNA polymerases. This grouping was found what-
ever the reconstruction method used with variable boot-
strap values (56% in NJ and 74% in ML). Although this
grouping may result from long branch attraction, this is
reminiscent of the mitochondrial RNA polymerase of the
T3/F7 type (Gray and Lang 1998), suggesting that sev-
eral informational proteins in mitochondria originated
from the same phage of the T3/F7 family by non-
orthologous displacement. Finally, a plausible hypoth-

Bacteria (44)

Bactericphage phi-yec23-12

Bactericphage spoZ

Bacteriophage phi-c31

Mycobacteriophage LS
Mycobacteriophage D29

Bacteriophage 75

bootstrap values obtained by both methods for the same branch. For
constrained clusters, there is only the NJ-bootstrap value. Branch
length is proportional to distance. Numbers in brackets indicated the
number of taxa.

esis to explain the likely monophyly of eukaryotic
Mus308 gene product and bacterial sequences is that the
gene encoding the ancestral bacterial A-type DNA poly-
merase migrated to the nucleus where it fused with a
helicase module to give rise to Mus308 gene product.
However, as only unrooted trees can be displayed, the
phylogenetic relationships revealed in this study must be
interpreted with caution.

Phylogeny of Family B DNA Polymerases

Although DNA polymerases of the B family are rare in
Bacteria (only in Gamma proteobacteria) the prototype
of this family is E. coli DNA polymerase II (Ito and
Braithwaite 1991). Two categories of DNA polymerases
can be distinguished according to their mechanistic prop-
erties: those which use either DNA or RNA as primers as
in the case of most other DNA polymerases (RNA/DNA-
priming type) and those which use a unique protein-
priming mechanism (protein-priming type). The RNA-
priming class is present in a wide range of organisms
including Archaea, Eukaryota, Enterobacteria and many
eukaryotic and prokaryotic viruses, whereas protein-
priming subfamily comprises the sequences of DNA
polymerases encoded by eukaryotic linear plasmids of
mitochondrion (principally some Fungi and two Plants),
of many bacteriophages, and of eukaryotic Adenovirus.

Interestingly, using E. coli DNA polymerase II as
query sequence, we were able to retrieve all sequences
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Fig. 2. ML phylogeny of the family B of DNA polymerases (DNA/
RNA primed). Thick branches indicate constrained groups during the
analysis (see text). Figures in italics: ML-bootstrap values. Viruses
names are underlined. Numbers in brackets indicate the number of taxa.

known to belong to the RNA/DNA-priming class but no
sequence known to correspond to protein-priming type.
A second iteration of the PSI-BLAST search was neces-
sary to retrieve, with high E value (107" < E < 107), the
protein-priming DNA polymerases. Similarly, using pro-
tein-priming DNA polymerase sequences as query, we
never retrieved RNA/DNA priming polymerases. This
suggests to divide the family B DNA polymerase in two
subfamilies, the RNA/DNA-priming subfamily and the
protein-priming subfamily. This also suggested that a
simple BLAST analysis should be able to predict if a
new polymerase of the B family is of the RNA/DNA or
of the protein priming type.

When PSI-BLAST searches were performed with se-
quences of DNA polymerases from the two haloar-
chaeophages HF1 and HF2, it appeared that these en-
zymes belonged to the DNA/RNA priming type with
highly significant E value (<107'%%). We retrieved first
the DNA polymerase B1 from Halobacterium sp. fol-
lowed by some archaeal sequences (Archaeoglobus
fulgidus, Pyrodictium occultum) and by the sequences of
the RB69/T4 phage family (E value close to 1072°).

The primary sequences of the protein-priming sub-
family of DNA polymerase B presented very few
similarities and we were unable to identify a sufficient
number of conserved residues to make a convincing
alignment. In contrast, we were able to perform a phy-
logenetic analysis of the RNA/DNA priming subfamily
using the most conserved regions: the exonuclease do-
mains I and II and polymerase domains I to VII (Edgell
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T4-type phage (3)

renarchaeote (5)

Gamma
protecbacteria (6)

Euryarchaeote (12)

Branch length is proportional to distance. Only a restricted number of
taxa are used (see text). The complete phylogeny of the family is
available at http://www-archbac.u-psud.fr/Projects/dnapol/Ali_
debut.htm.

et al. 1998). The alignment of these regions yielded to
128 usable positions in 91 taxa. Unrooted MP and NIJ
global analysis yielded poorly resolved phylogenies that
were not congruent between the two methods. Only one
large group composed of the eukaryotic polymerase &
and the sequences of Herpes virus, Phycodnavirus (boot-
strap value of 80%) as well as Ascovirus and Iridovirus
sequences with lower statistical support, were clearly
distinguished (the NJ phylogeny of the family is avail-
able at http://www-archbac.u-psud.fr/Projects/dnapol/
NJ-polB.htm). Numerous short signatures also supported
this clustering; the larger one can be seen at http://www-
archbac.u-psud.fr/Projects/dnapol/Signature.htm with a
representative set of sequences. This grouping is in
agreement with the results of Villareal and DeFilippis
(Villarreal and DeFilippis 2000).

To investigate further the relationships among the
DNA/RNA priming class of the B family, we performed
an ML analysis using a limited number of taxa. We
eliminated the sequences of the eukaryotic viruses and
some highly divergent paralogs of Archaea (genus Sul-
folobus, and species Archaeoglobus fulgidus, and Halo-
bacterium sp.). To reduce the calculation time in ML, the
monophyly of several groups evidenced by NJ were con-
strained. The resulting ML phylogeny (Fig. 2) can be
divided in three large groups. A first group contained the
eukaryotic a, 8, and { (rev3) paralogs with high boot-
strap values (90% in ML). A second group was com-
posed of the eukaryotic polymerase € and diverse ar-
chaeal genes including all the Euryarchaeote genes
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Chlamydia trachomatis

Helicobacter pylori
Synechocystis sp.
Prochiorococcus sp.

Aquifex aeolicus

Clostridium 1
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Bordetella pertussis

Thiobacillus ferrooxidans 1

y proteobacteria

Deinococcus radiodurans

Staphylococcus aureus COL
B. stearothermophilus 1

B. subtilis 1

B. anthracis 1
Mycobacterium tuberculosis 2

Mycobacterium avium 2

Corynebacterium diphtheriae 2

Thiobacillus ferrooxidans 2

Streptomyces coelicolor

YorL (B. subtilis)

100 Thermus aquaticus
Corynebacterium diphtheriae 1

Mycobacterium avium 1
Mycobacterium leprae 1
Mycobacterium tuberculosis 1

pMT1 (Yersinia pestis)

Mycoplasma pulmonis 2

C. acetobutylicum 2

Fig. 3. NJ phylogeny of the family C of DNA polymerases. Figures indicate NJ-bootstrap values. Names of viruses are underlined. The hosts of
the viruses and plasmids are indicated in brackets. Branch length is proportional to distance.

(excepted those of Halobacterium sp.) and three Cren-
archaeote genes of Aeropyrum fulgidus, A. pernix, and
Pyrodictium occultum. This node is moderately sup-
ported in ML (73%). Finally, a third group consisted of
all the gamma proteobacteria B-type DNA polymerases,
the sequences of the remaining Crenarchaeote polymer-
ase, as well as those of the T4-related phages, the HF1-
HF2 halovirus and the sequence of the Euryarchaeote
Halobacterium sp. The bootstrap support for this cluster
is high in ML (88%). It is remarkable that the sequences
of the halovirus HF1 and HF2 are closely related to the
sequence of their host Halobacterium sp. with high boot-
strap support (90% in ML and 94% in NJ) but this group
is only distantly related to the other euryarchacal DNA
polymerases. The trees also show that the HF2-HF1/
Halobacterium sp. cluster is sister group to the T4 phage
family but with low bootstrap support in ML (46%),
higher in NJ (71%).

Phylogeny of C-type DNA Polymerases

The prototype of the C family is the E. coli DNA poly-
merase III. A BLAST search with the E. coli Pol III
sequence as the query retrieved a large number of bac-
terial DNA polymerases but no eukaryotic or archaeal
sequence. We also got a plasmid sequence from Yersinia
pestis as well as a sequence from a cryptic prophage in
Bacillus subtilis. Aligning the recovered sequences indi-
cated that 176 residues could be retained in 47 taxa. The
unrooted phylogenetic tree constructed from this data
(Fig. 3) was roughly similar to that obtained by Huang
and Ito (1999). The sequences of the plasmid and the
prophage branched off close to a group of divergent se-
quences from the Gram-positive bacteria from the spe-
cies Thiobacillus ferrooxidans. These genes could be ei-
ther the consequence of gene duplications or the results
of lateral gene transfers possibly involving viruses. The
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Fig. 4. Schematic representation of the modular structure of the fam-
ily X DNA polymerases. The segments used in the phylogenetic analy-
sis are indicated in green. The numbers refer to the amino acid posi-
tions.

fast evolution of these sequences in this group probably
results in a long branch attraction artefact (Felsenstein
1978; Philippe and Laurent 1998).

Phylogeny of X-type DNA Polymerases

The family X of DNA polymerases belongs to the large
superfamily of nucleotidyltransferase which includes a
large variety of molecules (Aravind and Koonin 1999). A
PSI-BLAST search with the sequence of the human ter-
minal deoxynucleotidyl transferase (TdT) retrieved all
the sequences available for TdT. This molecule seemed
to be present only in the vertebrates. We also found
sequences of DNA polymerase p (Eukaryote) with
highly significant E values (close to 107°%). With lower
E value we retrieved the sequences of eukaryotic DNA
polymerases B and A (107 < E < 107'%). After one
iteration, we retrieved the sequence of the bacterium
Agquifex aeolicus, and the Archaeon Methanobacterium
thermoautotrophicum with an intermediate E value
(107"%) in which the motifs forming the active site for
nucleotidyl transfer are present (Smith et al. 1997). The
alignment of these sequences showed that only the first
three hundred amino acids of the two prokaryotic se-
quences were homologous with the eukaryotic ones (Fig.
4). Moreover, BLAST searches seeded with the Aquifex
aeolicus sequence showed that only a small set of species
possessed this N-terminal part of the molecule (genus
Staphylococcus, Bacillus, Thiobacillus, Deinococcus,
and Methanobacterium). It seems that the N-terminal do-
main is absent in most bacterial and archaeal sequences
but the C-terminal part of the prokaryotic molecule is
widely represented in Archaea and Bacteria although it is
lacking in Eukaryotes (a BLAST search with the last two
hundred amino acids of the Aquifex aeolicus sequence
failed to identify any eukaryotic homologue).

All the eukaryotic sequences and the N-terminal part
of the bacterial sequences were aligned. Twenty-seven
taxa were used to construct an exhaustive ML phyloge-
netic tree based on the 178 most conserved positions of
molecules (Fig. 5). Clearly bacterial sequences were
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|————— Thiobacifius ferrooxidans
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Fig. 5. ML-phylogeny of the family X of DNA polymerases. Thick
branches indicate constrained groups during the analysis (see text).
Figures in italics indicate ML-bootstrap values and roman ones NJ-
bootstrap values. In frames are indicated the bootstrap values obtained
by both methods for the same branch. Branch length is proportional to
distance.

monophyletic and these were used to root this tree. Two
types of eukaryotic paralogs seem to be present in a wide
variety of Metazoa (DNA polymerase Beta and TdT)
whereas the DNA polymerases Mu and Lambda are only
present in Mammals. But we cannot rule out a sequence
sampling bias in this distribution because only few eu-
karyotic genomes are presently fully sequenced. Phylo-
genetic analysis with high bootstrap support (99% in ML
and 100% in NJ) indicates a close relationship between
TdT and DNA polymerase Mu. The phylogenetic posi-
tions of the fungi sequences of Saccharomyces cerevi-
siae and Schizosaccharomyces pombe and of the plant
Arabidopsis thaliana are less clear. Fungi are paraphy-
letic, the sequence of S. pombe probably belongs to the
TdT/Mu group but the position of S. cerevisiae is am-
biguous.

Phylogeny of Y-type DNA Polymerases
(UmuC/DinB Super-Family)

Recently, several new DNA polymerases and a deoxy-
cytidyl-transferase (Revl) that are involved in bypassing
the stalling of replication forks at DNA lesions have been
discovered in organisms that range from E. coli to hu-
man. Most of them are error-prone, such as UmuC, DinB
and Revl, Pol is (L) whereas Rad30 is error free
(Johnson et al. 1999). To identify members of this new
family the sequence UmuC of E. coli was used to search
(BLAST) the sequence databases. This retrieved a large
number of damage-inducible proteins (UmuC, DinX,
DinB) from Prokaryotes and Eukaryotes. We also re-
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Phylogeny of the family Y of DNA polymerases. A ML-phylogeny of the family Y of DNA polymerase. B NJ-phylogeny of the paralogous

UmuC and DinX of the family Y of DNA polymerase. Plasmid and virus names are underlined. The hosts of the viruses and plasmids are indicated
in brackets. Figures indicate NJ-bootstrap values. Branch length is proportional to distance.

trieved the sequences of the eukaryotic gene products
RAD30, RAD30B, and REV 1. Interestingly, we found a
single archaeal sequence (Dbh gene from Sulfolobus sol-
fataricus), some plasmid sequences of gamma proteo-
bacteria, one plasmid sequence of Bacillus subtilis and
finally a sequence of a Bacillus phage. All the sequences
were retrieved with E values better than 107'°. These
DNA polymerases and the deoxycytidyl-transferase
Revl can thus be considered to be members of a single
new DNA polymerase family that we propose to name
family Y.

For the phylogenetic analysis of this family we re-
tained the 134 most conserved positions. The resulting
ML tree is presented in Fig. 6A. Figure 6A shows the
restricted NJ-phylogeny of the paralogous UmuC and
DinX rooted with the eukaryotic Rad30 genes. Three
major groups were detected. Eukaryotic polymerase
and RAD30 gene product group with an especially high
bootstrap proportion in ML (100%). We also observed a
cluster including eubacterial and eukaryotic DinB, Revl,
and Sulfolobus solfataricus Dbh but with low bootstrap
support (<50%). Finally, all the bacterial sequences be-
longing to the UmuC class and DinX class of molecules
form a monophyletic group with diverse sequences of
plasmids and bacteriophages. It seems that only ~y-pro-
teobacteria, Gram positive bacteria (both low and high

GC groups), and Thiobacillus ferrooxidans possess this
kind of gene, indicating multiple events of gene loss or
acquisition in the other groups of bacteria. Within this
group, it appeared clearly that phage and plasmid se-
quences were intermixed with bacterial sequences, indi-
cating multiple independent horizontal gene transfers be-
tween viruses, plasmids, and their host.

Discussion

We have performed a phylogenetic analysis of all the
families of DNA polymerases except the D-type that are
present only in Euryarchaeota. Our objective was to ob-
tain a better understanding of the evolutionary relation-
ships within each family. Our data indicate that the gen-
eral classification by Ito and Braithwaite (1991) is still
valid, despite the dramatic increase in the number of
sequences available. We have extended it to accommo-
date the “Y family” of DNA polymerases that are related
to the eukaryotic RAD30 and the bacterial UmuC gene
products, and we propose to split the B family into two
subfamilies, the RNA/DNA primed and the protein
primed B subfamilies.

Families B, X, and Y have members in all three of the



biological domains. We previously remarked that the
presence of B family DNA polymerase in all three do-
mains suggested the presence of an ancestral DNA
polymerase in LUCA (Forterre 1992). On closer re-
examination however, it turns out that the B family en-
zymes are restricted, among Bacteria, to proteobacteria.
Similarly, a single archaeal DNA polymerase is present
in the X and Y families. For family A polymerases, there
is evidence for lateral gene transfer between viruses, bac-
teria and eventually to eukaryotes by the endosymbiosis
of the mitochondrion (see below). If we had assumed that
the original genes were present in the LUCA, one might
have supposed a generalized early gene loss in the ar-
chaeal domain (families X and Y) or the bacterial do-
main (family B) followed by a lateral gene transfer. It is
more parsimonious to suggest that these DNA polymer-
ases were not present in the LUCA and have been intro-
duced subsequently by gene transfer in a domain in
which they were not originally present. Thus, the parsi-
monious explanations for the present distribution of the
different DNA polymerase families between the three
domains are either that the LUCA had no DNA poly-
merase, in agreement with the suggestion by Leipe et al.
(1999), or that the primitive, ancestral polymerase se-
quence was lost in one or two domains and replaced by
polymerases of other families (Forterre 1999).

DNA polymerases of family A appear to be strictly
restricted to bacteria and eukarya. Proteins have been
annotated as DNA polymerase of family A in the com-
plete genome sequences of the archaea Archaeoglobus
fulgidus and Halobacterium NRC (Ng et al. 2000). How-
ever, close inspection reveals that these proteins, which
are present in other archaeal and bacterial genomes, are
probably not DNA polymerases but correspond to a pro-
tein of unknown function that has been fused to the N-
terminus of bacteriophage SPO1 DNA polymerase (A
family) (data not shown). According to our analysis,
DNA polymerases of the family A probably originated
either in Bacteria or bacteriophages and were later trans-
ferred between viruses, bacteria and eventually to eu-
karyotes by the endosymbiosis of the mitochondrion (see
below). In contrast, phylogenetic analyses did not sug-
gest a clear hypothesis for the unusual distribution of
DNA polymerases X and Y in bacteria and eukarya.
Finally, some families are present only in one domain: as
family C in the bacteria and family D in the archaea.
These could have appeared in their domains subsequent
to their divergence. As previously suggested (Forterre
1999; Villarreal and DeFilippis 2000), viral DNA poly-
merases could have been the source of new cellular
polymerises. Indeed, viral and plasmid genes encoding
for DNA polymerases are widespread in several poly-
merase families (A, B, Y, and to a lesser extend C). Our
phylogenetic analyses argue for multiple gene exchanges
occurring between viruses, plasmids and hosts in almost
all these families. Some are recent (especially in family
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Y), but other are clearly ancient and in those cases, phy-
logenetic analysis cannot easily distinguish between
transfers from viruses to cells or from cells to viruses
(see below). The promiscuous transfer of the viral or
plasmid sequences to cellular organisms could thus pos-
sibly explain the puzzling distribution of each family of
DNA polymerases in the three domains of life.

Nonorthologous Displacements and Gene Fusion in the
A Family

The phylogeny of DNA polymerases of the A family
appears especially interesting in this context. It was
known for a long time that the enzyme replicating mito-
chondrial DNA, DNA polymerase gamma, was a mem-
ber of the A family. This suggested that it originated
from the DNA polymerase I (A family) of the alpha-
proteobacterium which gave rise to the mitochondrion
and not from the ancestral replicase (family C) of this
organism. However, our data show that mitochondrial
DNA polymerase <y is only distantly related to bacterial
DNA polymerase I and that it branches instead with T3/
T7 phage DNA polymerases. This grouping might result
from a long branch attraction artefact (LBA) since the
branches of phages and of DNA polymerase vy are much
longer than those of the bacterial DNA polymerase and
of the eukaryotic Mus308 gene products. However, since
the mitochondrial RNA polymerase clearly belongs to
the same family as T3/T7 RNA polymerases, it is tempt-
ing to suggest that both the transcription and replication
enzymes of mitochondria have been affected by non-
orthologous displacement involving proteins originating
from the same T3/T7 related virus.

Moreover, we failed to identify any mitochondrial
DNA polymerase belonging to family A in Plants. The
unique DNA polymerase that we found in the mitochon-
dria of Betta vulgaris, Zea mais, and of the red algae
Porphyra purpurea are of the plasmid protein-primed
B-type. This suggests, either that the ancestral mitochon-
drial replicase of the C family was directly replaced by a
plasmid B-type DNA polymerase in Plants, or that, in a
second displacement step, the T3/T7 phage-type mito-
chondrial DNA polymerase was replaced by the B-type
polymerase. We favor the two-step process because the
RNA polymerase of plants is of phage-type, suggesting
that the replacement of the ancestral replication and tran-
scription machineries of mitochondria by phase type en-
zymes occurred only once before the split between Plants
and other eukaryotes.

Since BLAST search data and phylogenetic analyses
of the polymerase domains of family A indicated that
eukaryotic Mus308 gene products and bacterial DNA
polymerases A are closely related, the eukaryotic
Mus308 gene product could be the descendant of the
ancestral mitochondrial DNA polymerase 1. In conflict
with this hypothesis, the Mus308 sequences is not a sister



772

group of proteobacteria in our phylogenetic analysis but
branches from the base of the bacteria’s cluster. How-
ever, this could be due to an increased mutation rate,
resulting in the fusion of an helicase module followed by
a functional shift.

Ancient Gene Transfer and Nonorthologous
Displacement in the B Family

The B family of DNA polymerases contains an unusual
number of viral and plasmid representatives. Phyloge-
netic arguments and many molecular signatures suggest
that the B-type DNA polymerase sequences of Herpes-
virus, Phycodnavirus, Ascovirus, and Iridovirus form a
clade with the sequences of eukaryotic DNA polymerase
d. Using a similar analysis, Villarreal and De Filippis
(2000) proposed that the Eukaryotic DNA polymerase 6
originated from a virus. Indeed, eukaryotic DNA poly-
merase d also emerges from a cluster of viral sequences
in our analysis (not shown, see http://www-archbac.u-
psud.fr/Projects/dnapol/NJ-polB.htm). However, this
RNA/DNA priming subfamily of DNA polymerase B
phylogeny appeared poorly resolved. Moreover, consid-
ering that this tree is unrooted, it doesn’t testify inevita-
bly a close phylogenetic relationship. Especially, it is not
possible to exclude a misplacement of the viral se-
quences; their long branches (relative to the Eukaryotic
polymerase & branch) being attracted by those of the
other sequences that are still longer. Accordingly, we
cannot rule out the hypothesis that Eukaryotic cells trans-
ferred their DNA polymerase 8 to viruses.

As in the case of DNA polymerase 8, the DNA poly-
merase Bl of the archaeon Halobacterium salinarum
NRCI1 also emerges from a group of viral DNA poly-
merases. This cellular polymerase is closely related to
DNA polymerases of haloviruses HF1 and HF2 and
these three polymerases clustered together with the se-
quences of the T4 phage family. Although the node for
this grouping is not robust, it seems most likely that the
host Halobacterium polymerase is of viral origin since
the HF1/HF2/Halobacterium sp. cluster did not branch
with other archaeal DNA polymerase of the B family.

HF1 and HF?2 are closely related head-tail viruses, and
their combined host-ranges cover at least four genera of
Halobacteria (Haloferax, Halorubrum, Haloarcula, Ha-
lobacterium). Their genomes share remarkable similari-
ties with those of the bacteriophages T3 and T7 (Nuttall
and Dyall-Smith 1995). Taken together, all these find-
ings suggest a long evolutionary history for tailed phages
(Ackermann 1998) rather than a recent origin followed
by multiple horizontal gene transfers between bacterial
and archaeal phages. Subsequent phylogenetic analysis
of the other ORFs of HF1/HF2 would probably bring
some valuable arguments to explain the similarity be-
tween T4 and HF1/HF2.

Conclusion

The history of the different families of DNA polymerase
seem to be marked by numerous events of gene dupli-
cations, gene loss, and lateral gene transfers. Sometimes,
functional shift and change in the gene environment may
have lead to the rapid divergence of these sequences.
These processes have made it difficult to recognize the
intra-family gene homology: we cannot rule out that
some very divergent molecules belonging to different
families have a common evolutionary origin. In this
study, we proposed that some cellular DNA polymerases
could have originated from viruses and plasmids. Two
likely examples are the A-type DNA polymerase Gamma
of the mitochondrion, which could come from a T3/T7
related phage (as the RNA polymerase of the mitochon-
drion), and the B-type DNA polymerase B1 of Halobac-
terium sp. that could result from the transfer of the DNA
polymerase gene of an halovirus. Taken together, these
findings suggest a complex evolutionary history of the
DNA replication apparatus that involved significant ex-
changes between viruses, plasmids, and their hosts.

Note Added at Proof

After submission of our manuscript, the name family Y
was independently proposed for the group of DNA poly-
merases related to RAD30, UmuC, and DinB [Ohmore et
al. (2001) The Y-family of DNA polymerases. Mol Cell
1:7-8]. We also became aware of a paper suggesting that
the domain with unknown function associated to some
archaeal and bacterial DNA polymerases of the X family
could be a phosphoesterase domain [Aravind L, Koonin
EV (1998) Nucleic Acids Res 26:3746-3752].
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