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ABSTRACT

Genomic DNA replication is a complex process
that involves multiple proteins. Cellular DNA repli-
cation systems are broadly classified into only two
types, bacterial and archaeo-eukaryotic. In contrast,
double-stranded (ds) DNA viruses feature a much
broader diversity of DNA replication machineries.
Viruses differ greatly in both completeness and com-
position of their sets of DNA replication proteins. In
this study, we explored whether there are common
patterns underlying this extreme diversity. We iden-
tified and analyzed all major functional groups of
DNA replication proteins in all available proteomes
of dsDNA viruses. Our results show that some pro-
teins are common to viruses infecting all domains of
life and likely represent components of the ancestral
core set. These include B-family polymerases, SF3
helicases, archaeo-eukaryotic primases, clamps and
clamp loaders of the archaeo-eukaryotic type, RNase
H and ATP-dependent DNA ligases. We also discov-
ered a clear correlation between genome size and
self-sufficiency of viral DNA replication, the unantic-
ipated dominance of replicative helicases and perva-
sive functional associations among certain groups
of DNA replication proteins. Altogether, our results
provide a comprehensive view on the diversity and
evolution of replication systems in the DNA virome
and uncover fundamental principles underlying the
orchestration of viral DNA replication.

INTRODUCTION

Viruses are the most abundant biological entities on Earth,
greatly outnumbering their cellular hosts (1–3). The viro-
sphere is not only vast but also extremely diverse. Viruses
infect organisms from all three domains of life and span a
wide spectrum of morphological, genomic and functional

complexity. Viral genome sizes range from tiny (<2 kb) to
huge (>2 Mb), and their genetic information may be stored
within different types of nucleic acids––DNA or RNA,
single- or double-stranded (ds), circular or linear, monopar-
tite or segmented. The more complex viruses which repre-
sent a large fraction of known viruses, just like cellular or-
ganisms, carry dsDNA genomes. Strikingly, despite mech-
anistic uniformity of replication of the DNA double helix,
the proteins involved are not universally conserved. In cel-
lular organisms there are two distinct types of DNA repli-
cation machineries, one in bacteria and another one in eu-
karyotes and archaea (4). Replicative DNA polymerases,
key replication enzymes, provide an illustrative example of
these differences. In bacteria they belong to the C-family
(PolC), whereas eukaryotes and archaea use unrelated B-
family DNA polymerases (PolB), in addition, archaea em-
ploy D-family DNA polymerases.

DNA replication systems in dsDNA viruses are even
more diverse than those of their cellular hosts. This diversity
manifests itself in two different ways. First, dsDNA viruses
differ according to the sets of DNA replication proteins en-
coded in their genomes. Some viruses encode most or all
of the proteins necessary for replication of their genomic
DNA, while others depend entirely on the host DNA repli-
cation machinery. Second, compared to cellular organisms,
dsDNA viruses employ a larger number of evolutionary so-
lutions for at least some of the DNA replication steps. For
example, in addition to DNA polymerases of the B and C
families, viruses employ A-family and protein-primed B-
family DNA polymerases (pPolB) for genome replication.
Meanwhile, in eukaryotes A-family polymerases are limited
to replication of mitochondrial DNA and in bacteria per-
form mostly repair-related functions (5). Replicative pPolB
polymerases that utilize a protein-supplied hydroxyl group
as a primer appear to be unique to viruses and other selfish
genetic elements (6).

The heterogeneity in nature and assortment of viral DNA
replication proteins have become apparent early on from de-
tailed studies on a handful of model viruses, such as bac-
teriophages �29, T7 and T4 as well as eukaryotic adeno-,
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polyoma-, papilloma- and herpesviruses (7). However, these
well-studied viruses and their close relatives represent only
a small fraction of currently known viruses. Furthermore,
with the advent of new genome sequencing technologies and
revived interest in viral ecology and diversity, the number
of new virus isolates with complete genome sequences in-
creases at an unprecedented rate. For most of these viruses
no experimental data on DNA replication are (or ever will
be) available. Nevertheless, the wealth of available genomic
data enables us to ask a series of questions. Are there novel
assortments of DNA replication proteins in new viruses
identified by genomics and metagenomics studies? Are there
viruses that use yet unseen replication strategies? Can we
make inferences extending across dsDNA viruses in the
three domains of life? Here, we set out to address these
questions by performing a global computational analysis
of DNA replication proteins encoded by all sequenced bac-
terial, archaeal and eukaryotic dsDNA viruses. Using sen-
sitive state-of-the-art computational tools we investigated
the diversity and distribution of proteins associated with
major molecular functions in DNA replication, including
replicative DNA helicases, primases, replicative DNA poly-
merases and their accessory proteins, single-stranded DNA
binding (SSB) proteins, nucleases for RNA primer removal,
DNA ligases and topoisomerases. Our results show that de-
spite overwhelming diversity, there appear to be clearly de-
tectable common patterns of assortment of viral DNA repli-
cation proteins transcending the boundaries of individual
domains of life. For example, our analysis suggests the ex-
istence of a common dominating viral strategy for recruit-
ment of the host DNA replication proteins. Our results also
reveal strong links between DNA replication proteins in sev-
eral functional categories.

MATERIALS AND METHODS

Virus databases

Genomes and proteomes of double-stranded DNA viruses
were obtained from NCBI: ‘http://www.ncbi.nlm.nih.
gov/genomes/GenomesGroup.cgi?taxid=10239&sort=
taxonomy’. All the genomes of dsDNA viruses were
subjected to six-frame translation and all previously unas-
signed open reading frames (ORFs) longer than 60 residues
were retained for further analysis. Family Polydnaviridae
was excluded from the analysis because these viruses have
a distinct genome organization (split in small segments),
and their genome acts only as a vector for transmission of
parasitic wasp genes (8).

Genome filtering

To obtain a more representative genome set, highly simi-
lar genomes were removed. All genomes were grouped ac-
cording to their pairwise nucleotide and protein sequence
similarities using LAST (9) and CLANS (10), respectively.
Genomes with statistically significant local nucleotide se-
quence identity >70% or those whose proteomes had more
than three-quarters of highly similar proteins (CLANS P-
value < 1 × 10−10) were filtered out.

Identification of replication proteins

Replication proteins of dsDNA viruses were identified
based on their similarity to characterized DNA replica-
tion proteins. All viral proteins were subjected to sensi-
tive homology search using HHsearch (11). Sequence pro-
files of viral proteins were generated by running two it-
erations of either HHblits (12) or jackhmmer (part of
the HMMER3 software package (13)) against the nr70
database (the non-redundant database with no more than
70% identity between any sequences) using the E-value =
1 × 10−3 inclusion threshold. Profiles generated by HH-
blits were then used by HHsearch to search the PDB
(http://www.pdb.org/), SCOP (http://scop.mrc-lmb.cam.ac.
uk/scop/) and Pfam (http://pfam.xfam.org/) databases. HH-
search results with probability >20% were extracted and
clustered according to their pairwise similarity using
CLANS. For each sequence, CLANS was configured to run
two iterations of PSI-BLAST (14) using the E-value = 1
× 10−3 inclusion threshold against the reference database
(nr70) to generate a sequence profile. The last PSI-BLAST
iteration with the obtained profile was run against the
database of sequences to be clustered. Next, clusters ob-
tained with CLANS were analyzed and viral proteins that
clustered with known replication proteins were assigned to
that group. If there appeared to be more than one candidate
for the same group of replication proteins (e.g. for replica-
tive helicase) the analysis included additional steps. Proteins
were tested for the presence of additional domains typical of
DNA replication proteins (e.g. primase domain fused to a
helicase). Also, gene context in the vicinity (ten genes down-
stream and ten upstream) was analyzed for the presence of
other DNA replication proteins.

Detection of remote homology

If standard searches with PSI-BLAST, jackhmmer and HH-
search failed to produce confident homology assignments,
a number of strategies were tried in order to increase sensi-
tivity. They included splitting query sequence into putative
domains, using additional databases and metagenomic se-
quence data as well as modifying search parameters. Puta-
tive domains were assigned based on the analysis of align-
ments and scores of initial HHsearch searches. Sequence
databases of higher redundancy (nr filtered to >70% iden-
tity) and metagenomic data were used to enrich ‘thin’ query
profiles (derived from less than five sequences). In addi-
tion, HHsearch profile databases were supplemented with
curated in-house profiles for DNA replication proteins. Re-
ciprocal searches (if A detects B, B should detect A) were
used to substantiate weak matches. For increased sensitiv-
ity, HMMER3 searches were performed with the accelera-
tion heuristic turned off (option ‘–max’).

Multiple sequence alignments
Multiple sequence alignments of potential replication pro-
teins were examined for the presence of active site (where
applicable) and other characteristic conserved regions. Mul-
tiple sequence alignments were constructed with MAFFT
(15) optimized for accuracy (option ‘L-INS-i’).
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Table 1. Comparison of protein- and RNA-primed DNA replication in dsDNA viruses

Protein-primed DNA replication RNA-primed DNA replication
Genome size ∼10–50 (kbp) ∼5–2500 (kbp)
Viruses in the representative set 7% 93%
Replication proteins pPolB rPolB/PolA/PolC

SSB SSB (usually OB-fold proteins)
Terminal protein Helicase

Primase
Primer removal protein
Ligase
Processivity factor and clamp loader
Topoisomerase

Phylogenetic analysis

Sequence alignments for phylogenetic analysis were con-
structed from representative members of viral replication
proteins and well-characterized cellular proteins found in
the nr70 database. To obtain more accurate alignments,
highly divergent viral proteins were supplemented with ho-
mologs from nr70 and metagenomics databases. Sequences
were aligned using MAFFT (15). Alignments were man-
ually adjusted based on secondary structure prediction,
structure comparison and HHsearch profile-profile align-
ments. Non-conserved N and C terminal regions of DNA
polymerases and primases were removed prior to analysis.
In addition, trimAl (16) was used to remove 50 and 5% of
columns containing the largest fraction of gaps from align-
ments of DNA polymerases and primases, respectively. Pro-
tein evolution model LG+G+I was applied for both groups
of proteins as suggested by ProtTest (17). For every align-
ment we generated 500 trees and 1000 bootstrap replicates
using RAxML (18). RAxML convergence test was per-
formed to verify whether the selected number of bootstrap
replicates was sufficient for the analysis.

RESULTS

A global proteome encoded by 1574 dsDNA viral genomes
(over 150 000 proteins) was analyzed for the presence of
DNA replication proteins using sensitive homology detec-
tion and sequence classification techniques. Sequences were
assigned to specific groups of replication proteins using sev-
eral lines of evidence, including the similarity to experimen-
tally characterized proteins, domain organization and ge-
nomic neighborhood. To reduce the bias in database cov-
erage of viral genomes, dsDNA viruses with highly similar
genomes were filtered out, retaining a single representative
member per virus group (see Materials and Methods). As
a result, 308 representatives belonging to 33 different viral
families and including 221 bacteriophages (72%), 61 (20%)
eukaryotic and 26 (8%) archaeal viruses were retained for
detailed analysis (Supplementary file 1).

RNA- and protein-primed DNA replication depend on distinct
sets of proteins

Protein-primed DNA replication systems appear in viruses
infecting hosts from all three domains of life. However,
they are confined to viruses with small (<50 kbp) genomes,
consistent with previous observations (7,19). Interestingly,
the complement of accessory proteins appears to be dis-
tinctively different in DNA replication systems primed by

RNA and protein primers (Table 1). This divide appears
to be dictated by the intrinsic properties of pPolB. Unlike
other members of the B family, pPolB has a distinct sub-
domain (TPR1) which is responsible for the binding to a
protein primer, which is covalently attached to both ends
of the viral genome (20). The second pPolB-specific subdo-
main (TPR2) ensures intrinsic processivity and strand dis-
placement capability (21). Therefore, in general, there is no
need for the DNA helicase in protein-primed DNA repli-
cation. Viruses with protein-primed DNA polymerases of-
ten encode SSB proteins. However, these SSBs are unique
with no sequence or structural relationship to the OB-fold
proteins typical of RNA-primed DNA replication systems
(6,22). Overall, pPolB-coding viruses have few replication
proteins and make only a small fraction of a representative
genome set (7%). Therefore, in further analysis we consider
only RNA-primed replication systems.

Viral proteins within functional groups show uneven diversity
and distribution

Our results show that the number of protein families asso-
ciated with individual functional categories of viral DNA
replication is quite variable (Figure 1). In most functional
groups the diversity of viral proteins exceeds that of cellu-
lar organisms. On the other hand, the representation of in-
dividual protein families varies significantly both within a
particular domain of life and across all three domains. Be-
low we summarize our findings for every major functional
group of viral DNA replication proteins, focusing on their
diversity and distribution.

Replicative helicases. Helicases and nucleic acid translo-
cases are classified into six superfamilies, SF1-6 (23). SF1
and SF2 helicases have two RecA-like domains and func-
tion as monomers or dimers. The remaining four super-
families comprise hexameric helicases. SF3 and SF6 are
based on the AAA+ fold, whereas SF4 and SF5 are built
around the RecA fold. Replicative helicases in cellular or-
ganisms are confined to only two superfamilies of hexam-
eric helicases, namely, SF4 (DnaB-type) in bacteria and SF6
(MCM-type) in archaea and eukaryotes. Replicative heli-
cases in dsDNA viruses show a significantly higher diver-
sity. We assigned both known and putative replicative DNA
helicases identified in our analysis to five out of six super-
families (Figure 1, SF1-4 and SF6). The confident identi-
fication of viral replicative helicases is not always straight-
forward due to ubiquity of genes for various NTPases in
the viral genomes. For example, in addition to the replica-
tive helicase (gp41), phage T4 has at least two other heli-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article-abstract/44/10/4551/2517025 by Institut Pasteur user on 24 January 2019



4554 Nucleic Acids Research, 2016, Vol. 44, No. 10

Figure 1. Quantitative distribution of DNA replication protein families and the taxonomy of virus host. The length of the bar is proportional to the number
of protein family members found in the representative set of dsDNA viruses. Asterisk (*) denotes herpes processivity factors that include UL42, UL44 and
BMRF1 homologs.

cases (Dda and UvsW). To discriminate between genuine
replicative helicases and NTPases involved in other pro-
cesses, we used several criteria. First, we identified proteins
that grouped together with known replicative helicases (i.e.
cellular DnaB and MCM, T4 phage gp41, T7 phage gp4,
herpes UL5, Vaccinia D5 and polyoma TAg). Second, we
investigated the domain organization of putative helicases,
focusing on helicase-primase fusions, because viral replica-
tive helicases are known to be closely associated with DNA
primases (24). Third, we considered the genomic neighbor-
hood of helicases (whether or not primases and other repli-
cation proteins are coded nearby). As a result of this strin-
gent selection procedure, assignments in only 6 out of 215
cases are less confident (Supplementary Figure S1). These
include Tetraselmis viridis virus S1 (TvV-S1), phage Ma-

LMM01 and archaeal viruses HVTV-1, HGTV-1, HF1 and
Acidianus filamentous virus 6 (AFV6).

We found that SF4 members are the most abundant
(44%) among viral replicative helicases and that they are
almost exclusively encoded by bacteriophages (Figure 1).
Most of these proteins are similar to E. coli DnaB or RepA
replicative helicases (25). The largest fraction of DnaB ho-
mologs (Figure 2) has a stand-alone ATPase domain. An-
other recurrent variant contains a helicase domain fused
with the DnaG primase domain as seen in gp4 of T7 phage.
Replicative helicases similar to RepA are often fused with
the archaeo-eukaryotic primase (AEP) domain as exem-
plified by the BFK20 phage protein gp43 (26). In general,
there was little ambiguity in assigning SF4 members as pu-
tative replicative helicases, except in the case of Haloarcula
virus HVTV-1 of the order Caudovirales. HVTV-1 encodes
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Figure 2. Diversity of replicative helicases domain organizations in dsDNA viruses. The number of representative sequences having specific domain
organization is indicated on the left. The catalytic domain of the helicase is shown in green; primase, orange; polymerase, red; other domains, gray. �HD,
�-helical domain; DUF, domain of unknown function; WH, winged-helix-turn-helix domain; ZnBD, Zn-binding domain; DBD, DNA-binding domain;
Pol, DNA polymerase.

a number of replication proteins (DNA polymerase, DNA
clamp and its loader, AEP primase and RNase HI) char-
acteristic of archaeal hosts. However, replicative minichro-
mosome maintenance (MCM) helicase of the SF6 super-
family, typical of archaea, could not be identified. Instead,
HVTV-1 encodes a divergent SF4 helicase (Supplementary
Figure S2, gi: 443404669), the only apparent candidate for
the replicative helicase.

Superfamily 3 (41% of all replicative helicases) is nearly
as abundant among viruses as SF4, but more diverse with
respect to both sequence similarity (Supplementary Figure
S3) and domain composition (Figure 2). SF3 is represented
by well-studied polyoma- and papillomavirus replicative he-
licases, large T antigen (Tag) and E1, respectively. Other
known SF3 members include the poxvirus primase-helicase
D5 (27) and its homologs in large eukaryotic viruses, in
particular members of the order Megavirales. Poxvirus D5
is a fusion of the N-terminal AEP primase domain and
the C-terminal helicase region. The D5 group also includes

phage replicative helicases typified by the phage P4 gp�
protein, also representing a primase-helicase fusion (28).
However, unlike in poxvirus D5, the N-terminal primase
domain in gp� is of the bacterial DnaG-type. Quite of-
ten (about two-thirds of all cases) SF3 replicative helicases
are fused to origin-binding domains (OBDs). For example,
both Tag and E1 helicases have an OBD, which has evolved
from the inactivated endonuclease domain (29). In gp� pro-
tein of phage P4 and other D5 family members, origin
binding is accomplished via the C-terminal winged helix-
turn-helix (WH) DNA-binding domain (28). In addition
to known instances, we have newly identified D5 homologs
in White spot syndrome virus (Nimaviridae; gi: 17158445)
and hytrosaviruses (Hytrosaviridae; gis: 187903120 and
168804177) (Supplementary Figure S3). Other groups of
putative replicative SF3 helicases do not have characterized
representatives. One of these groups is similar to the VirE
family (PF05272) and mainly includes phage sequences.
Another group corresponds to the DUF927 family (Supple-
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mentary Figure S3 and Figure 2). In both groups, the puta-
tive helicase domains are often fused with DnaG- or AEP-
like primase domains, strongly suggesting their involvement
in phage DNA replication. An interesting case is repre-
sented by the putative primase-helicase proteins from the
Phaeocystis globosa virus virophage and Sputnik virophage
(gis: 509141013 and 195982544, respectively). These pro-
teins have the C-terminal D5-like helicase module and an
N-terminal domain (Figure 2 and Supplementary Figure
S3) identified as a novel A-family polymerase implicated in
both polymerase and primase activities (30).

Superfamily 6 is exemplified by extensively studied ar-
chaeal and eukaryotic replicative MCM helicases as well
as RuvB proteins (23). MCM-like helicases were rather fre-
quently found in proviruses integrated in genomes of di-
verse archaeal species (31), but in viral genomes these pro-
teins so far were detected only in Halorubrum virus BJ1
and spindle-shaped Thermococcus prieurii virus 1 (32,33).
Using sensitive profile-profile comparisons, we identified
divergent SF6 members in several bacteriophages and ar-
chaeal haloviruses, but, curiously, not in eukaryotic viruses.
The bacteriophage helicases belong to the DUF3987 family
(Supplementary Figure S4), distantly related to MCM. For
example, we could link the Mycobacterium phage Corndog
SF6 protein (gi: 29566306) to the MCM family (PF00493)
with 98% HHsearch probability. Some of these SF6 heli-
cases are fused with AEP primase domains. Interestingly,
the N4 phage protein dns (gi: 119952220), which is essen-
tial for replication (34) features a non-typical fusion. Un-
like in most of primase-helicase fusions, the AEP domain
is C-terminal to the helicase domain (Figure 2). In gen-
eral, proteins from the DUF3987 family are often associ-
ated with AEP or DnaG primases either as fusions or as
separate proteins encoded immediately upstream of the he-
licase. Furthermore, similarly to known replicative SF6 he-
licases, DUF3987 proteins possess the C-terminal winged
helix-turn-helix domain (Figure 2). These observations sup-
port the notion that DUF3987 proteins act as replicative
helicases in phage replication.

Although SF1 helicases are abundant in viruses of the
proposed order Megavirales (35), our data show that ds-
DNA viruses rarely (in 7% of the cases) use helicases of this
type for genome replication (Figure 1). All SF1 helicases
known to be essential for replication are represented by her-
pesviral UL5 proteins. The UL5 helicase is related to the eu-
karyotic Pif1 helicase and is present in all three herpesvirus
families (36). We identified TvV-S1 as the only other virus
with a putative replicative SF1 helicase (Supplementary file
2, gi: 472343114).

Superfamily 2 has the fewest members assigned as
replicative helicases (Figure 1), despite being one of the
most abundant protein groups in all prokaryotic viruses
(37,38). SF2 members from phages N15 and PY54 (gi:
9630494 and 33770544, respectively) have the DnaG pri-
mase domain fused to their N-termini (Figure 2) and their
function as replicative helicases has been experimentally
confirmed (39,40). Another likely candidate for the role
of a replicative helicase is phage PAU protein gp68 (gi:
435844571), which has an AEP primase domain (Figure 2).
The assignment of viral SF2 members as replicative heli-
cases in the case of archaeal virus AFV6 and phage Ma-

LMM01 is less certain. Both viruses have more than one
helicase (Supplementary file 1) and none of them have been
studied experimentally.

Primases. There are two types of primases in cellular or-
ganisms. Bacteria have the TOPRIM domain-containing
primase (i.e. E. coli DnaG), which is distinct from the
archaeo-eukaryotic primase (AEP) with the RNA recog-
nition motif (RRM) fold (41). In dsDNA viruses we de-
tected both types of primases and they were frequently
fused with a replicative helicase or encoded next to it,
as detailed above. We observed that viruses have either
AEP or DnaG homolog. The only exception to this rule
is Rhodothermus phage RM378, which encodes primases of
both types (Supplementary file 1). DnaG homologs were al-
ways found in genomes that also contained replicative heli-
cases, whereas in few cases AEP proteins (gis: 197261587,
41057246 and 472342211) were detected in genomes devoid
of both replicative helicases and polymerases.

Replicases. Cellular replicases are composed of a DNA
polymerase, a processivity factor (DNA sliding clamp) and
its loader. Our present results on viral replicases are in close
agreement with the previous observations (19). DNA poly-
merases of structurally related A and B families are domi-
nant, while homologs of the unrelated C family of bacterial
DNA polymerases are rare and are present only in bacte-
riophages (Figure 1). We did not find viral homologs of D-
family DNA polymerases, specific to Archaea. DNA poly-
merase accessory proteins (clamps and clamp loaders) were
usually detected in larger genomes. Viral processivity fac-
tors, with the exception of poxviral A20, could be assigned
to one of the three groups based on their similarity to the
archaeal/eukaryotic PCNA, the bacterial DNA polymerase
III �-subunit (PolIII�) or the phage T4 gp45 protein (Fig-
ure 1). The structure of poxviral A20 is unknown, but dif-
ferently from typical clamp proteins it functions as a het-
erodimer with the uracil-DNA glycosylase D4 (42). Viral
clamp loaders according to their homology relationships
mirror the three groups of viral clamp proteins (Figure 1).
Our new findings include distant homologs of DNA slid-
ing clamps in one of the largest archaeal viruses (HVTV-
1) and giant Pandoraviruses as well as a complete set of
DNA polymerase accessory proteins (T4-like DNA clamp
and clamp loader) in Sphingomonas phage PAU (see Sup-
plementary file 1). Initially, in phage PAU we only identified
homologs of T4 clamp loader (gp44/gp62) (gi: 435844579
and 435844589, respectively), but not the clamp. However,
the presence of a clamp loader strongly suggested that the
DNA sliding clamp is also encoded in the genome of phage
PAU. Indeed, nonstandard (acceleration heuristics turned
off) HMMER searches with the T4 clamp (gp45) HMM
profile against the phage PAU proteome detected a single
protein (gp109) with a significant E-value (E-value<0.001).
Consistent with the putative DNA clamp function, gp109 is
encoded next to the DNA polymerase, has chain length (271
amino acids) and isoelectric point (pI = 4.9) both typical
of a gp45-like clamp that functions with the clamp loader
(19). Direct searches with gp109 identified no homologs in
protein databases, but found a homologous incomplete se-
quence in the metagenomics database. With the addition of
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this sequence HHsearch could now detect T4 gp45 with a
highly significant value (HHsearch probability > 95%). Al-
together, these data indicate that gp109 is a bona fide ho-
molog of the T4 DNA sliding clamp.

Single-stranded DNA binding (SSB) proteins. Typically,
the SSB function at a replication fork is performed by pro-
teins that have one or more domains of the oligonucleotide-
binding (OB) fold (43). We found that in dsDNA viruses
SSBs based on the OB-fold are also most common, and the
majority of them can be unambiguously linked to one of
the groups represented by crystal structures of E. coli SSB
(44), phage T7 protein gp2.5 (45), phage T4 protein gp32
(46), herpesvirus ICP8 (47) or archaeo-eukaryotic Replica-
tion Protein A (RPA) (48). Most often dsDNA viruses have
E. coli SSB homologs that appear to be confined to bac-
teriophages (Figure 1). Another abundant group includes
homologs of T7 phage SSB (gp2.5). In line with our pre-
vious findings (49), gp2.5-like SSBs are present not only in
phages, but also in eukaryotic viruses of the recently pro-
posed order Megavirales. The ICP8 protein family distantly
related to T7 SSB (49) is found only in herpesviruses. T4
gp32-like proteins form a sizeable group, which is present
only in phages. Close homologs of the archaeo-eukaryotic
RPA were exclusively found in Emiliania huxleyi virus 86
(EhV-86). Most likely they were acquired horizontally from
the algal host (49).

Among groups that have experimentally characterized
SSBs without known structures, the most abundant is the
group typified by the SSB protein (gi: 119952251) of E. coli
phage N4 (50). The N4 SSB does not show significant se-
quence similarity to OB-fold proteins or any other struc-
tures, but it can be linked to a large Pfam family of un-
known function (DUF669) with high confidence (98% HH-
search probability) (Supplementary Figure S5). In contrast,
members of the DUF669 family often recover OB-fold pro-
teins among the top matches albeit not with high confi-
dence. DUF669 sequences have acidic C-terminal tails, typi-
cal of many phage and bacterial SSBs. Furthermore, viruses
that have DUF669 proteins do not encode known SSBs.
Taken together, these observations suggest that DUF669 vi-
ral members represent SSBs involved in DNA replication
and that both DUF669 and N4-like SSBs feature highly
evolved OB-fold domains. Another structurally uncharac-
terized group is represented by the baculoviral SSB pro-
tein (LEF3), essential for virus replication (51). Although
searches with the full-length LEF3 sequences did not pro-
duce significant matches to known structures, they sug-
gested the presence of at least three domains. When an-
alyzed individually, the last two putative LEF3 domains
showed weak similarity to RPA. Although these results are
by no means definitive, they hint that LEF3 may have at
least two highly diverged OB-fold domains.

Other identified viral SSB proteins are diverse and often
taxon-specific, for example, homologs of poxvirus I3 (49)
and archaeal virus SIRV2 protein gp17 (52).

Primer removal proteins. In cellular organisms primer re-
moval is performed by members of distinct FEN and RNase
H families. In eukaryotes, long primers are also processed
by Dna2, a member of the PD-(D/E)XK nuclease fam-

Figure 3. Replication proteins arranged by their overall observed frequen-
cies (%) in genomes of dsDNA viruses.

ily (53). In general, PD-(D/E)XK proteins perform a va-
riety of other functions related to nucleic acid metabolism
(53). Since we did not find close Dna2 homologs in dsDNA
viruses, we did not assign viral proteins of PD-(D/E)XK
family to the list of putative primer removal proteins. Iden-
tification of FEN and RNase H homologs revealed that
the FEN family members are present only in phages and
eukaryotic viruses, whereas RNase H proteins were found
in viruses associated with all three cellular domains of life
(Figure 1).

Ligases. DNA ligases are classified into two groups de-
pending on whether they use ATP or NAD+ as a cofac-
tor (54). We found that DNA ligases in dsDNA viruses
are infrequent and that they are usually encoded in large
genomes. Remarkably, Pandoraviruses, despite having the
largest genomes among presently known dsDNA viruses,
lack their own DNA ligase. The distribution analysis shows
that viruses from the same taxonomic group can have DNA
ligases of different types (ATP/NAD+). For example, mem-
bers of families Poxviridae and Mimiviridae have either ATP
or NAD+ ligase (Supplementary File 1), consistent with
previous observation (55). Notably, we did not find NAD+-
dependent DNA ligases in archaeal viruses. However, this
might be due to the under-representation of genomes of ar-
chaeal viruses in the current databases.

Topoisomerases. Topoisomerases are broadly grouped
into two types depending on whether the enzyme intro-
duces a single-stranded (Type I) or double-stranded (Type
II) break in dsDNA. Based on sequence and structural sim-
ilarities topoisomerases are further classified into families
(Topo IA, IB, IC and Topo IIA and IIB) (56). DNA topoi-
somerases turned out to be among the least common DNA
replication proteins in dsDNA viruses (Figure 3). We found
DNA topoisomerases only in eukaryotic viruses and bac-
teriophages with large genomes (over 130 kbp). None were
found in archaeal viruses (Figure 1). Most abundant among
detected viral DNA topoisomerases were members of IB
and IIA families. It is known that all DNA topoisomerases
with the exception of IA family participate in relaxation of
positively supercoiled DNA created during DNA replica-
tion (57). IA family members accounted for only 11% of
all cases and, notably, were found only in genomes that al-
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ready had a TopoIIA topoisomerase and, occasionally, also
TopoIB.

Viral DNA replication proteins are unevenly spread across the
three domains of life

Our analysis revealed that some families/superfamilies of
viral DNA replication proteins are spread across all three
cellular domains of life, while others are confined to par-
ticular domains (Figure 1). The ‘universal’ proteins include
SF3 helicases, AEP primases, B-family DNA polymerases,
RNase H and ATP-dependent DNA ligases. Although SF4
helicases, typified by bacterial replicative helicases (i.e. E.
coli DnaB), seemingly also belong to this group, their ‘uni-
versal’ nature is doubtful. Nearly all of SF4 helicases are
found in phages, with the exception of Haloarcula virus
HVTV-1 and algal Tetraselmis viridis virus S20 (TvV-S20).
In the case of HVTV-1 the assignment of a replicative heli-
case is ambiguous and should await experimental verifica-
tion. By contrast, the uncharacterized TvV-S20 encodes a
typical DnaB-like helicase; however, the virus itself might
represent a case of ‘mistaken identity’. TvV-S20 encodes
a number of proteins such as large and small subunits of
the terminase, major capsid protein, portal protein, matu-
ration protease, which are closely similar to those of bac-
teriophages but not eukaryotic viruses. This suggests that
TvV-S20 might be a genuine bacteriophage associated with
bacteria co-culturing with algae.

Other protein families are spread across two cellular do-
mains at most. However, as archaeal viruses presently com-
prise a relatively small fraction, it might be expected that
once more of their genomes become available the number
of ‘universal’ protein families will also increase. Among
protein families spanning two domains of life perhaps the
most interesting are those that are incongruent with the
corresponding proteins of their hosts. In this regard, SF6
helicases and T7-like SSBs represent intriguing cases. SF6
members are replicative helicases in archaea and eukary-
otes; however, we identified helicases of this superfamily
in archaeal viruses and bacteriophages, but not in eukary-
otic viruses. T7-like SSBs were found in bacteriophages and
eukaryotic viruses, and these SSBs seem to be specific to
viruses having no close homologs in cellular organisms.

Many bacterial DNA replication protein families, in-
cluding C-family DNA polymerases, homologs of bacte-
rial DNA sliding clamp (PolIII�) and the subunit of bac-
terial clamp loader (PolIII� ), DnaG primases and E. coli
SSBs are exclusive to bacteriophages (Figure 1). However,
the occurrence of bacterial-like components in bacterio-
phages is generally only slightly more pronounced than that
of archaeo-eukaryotic homologs (Supplementary Table S1).
Although some functional groups are dominated by typical
bacterial homologs, as in the case of DnaB-like helicases
(43% of DnaB-like helicases versus 24% of SF3 and SF6
helicases), for other groups the archaeo-eukaryotic repli-
cation proteins were detected nearly as frequently or even
more frequently than the bacterial counterparts. For exam-
ple, AEP primases and DnaG-like primases were detected
in 26 and 32% of the genomes, respectively, whereas fam-
ily B DNA polymerases and ATP-dependent ligases are
two times more abundant in bacteriophages than the bac-

terial equivalents (PolC and NAD+-dependent ligases, re-
spectively; Supplementary Table S1). Furthermore, bacte-
rial and archaeo-eukaryotic components are typically in-
termixed within individual bacteriophage genomes. Thus,
only eight bacteriophages encode purely bacterial-like as-
sortment of major replisome components, including DnaB
helicase, DnaG primase and PolC. Similarly, the three com-
ponents of the archaeo-eukaryotic variety (AAA+ heli-
case, AEP and PolB) were identified in seven bacteriophage
genomes.

Recent horizontal gene transfer does not account for the pres-
ence of archaeo-eukaryotic replication proteins in bacterio-
phage genomes

The abundance of archaeo-eukaryotic replication proteins
in bacterial viruses as well as their provenance is puzzling.
Although in none of the known bacterial lineages archaeo-
eukaryotic equivalents have replaced the canonical bacterial
components of the replisome, such proteins are occasionally
encoded in bacterial genomes. For instance, there are two
groups of PolB homologs in bacterial genomes. One group,
which includes E. coli DNA polymerase II, is conserved
in proteobacteria and appears to assist PolC in chromoso-
mal replication, particularly for the lagging strand synthesis
(58). The other group displays more sporadic distribution
in bacteria. In principle, the two groups could represent the
source of archaeo-eukaryotic replication genes in bacterio-
phages. To formally explore this possibility, we performed
phylogenetic and genomic context analyses.

In the reconstructed maximum likelihood phylogeny of
PolB proteins, all cellular homologs form well-supported
clades (Figure 4, Supplementary file 3). Consistent with pre-
vious reports (59,60), all of these clades, with the excep-
tion of archaeal PolB3 (see below), are monophyletic. PolB
proteins from eukaryotic viruses of the orders Megavirales
and Herpesvirales form a sister clade to eukaryotic PolB
of the subclass Delta. This topology has been interpreted
as being suggestive of the possibility that the PolB-Delta
subclass has evolved from viral proteins (59,61). However,
the inverse scenario appears as likely. PolB homologs en-
coded by Caudovirales form several distinct clades, none of
which is closely related to bacterial DNA polymerase II ho-
mologs. PolBs from T4-like and PhiKZ-like phages form
well-supported sister clades, whereas PolBs from haloar-
chaeal Caudovirales form a clade with PolB3 proteins en-
coded by halophilic and methanogenic archaea (Figure 4).
Importantly, in this clade, viral PolB homologs are at the
base of the cellular PolB3 homologs (bootstrap support
of 100), suggesting that this particular clade of PolB3 has
evolved from viral proteins. This conclusion helps to ra-
tionalize the previous observation that archaeal PolB3 ho-
mologs are polyphyletic (59,60). Finally, the largest Cau-
dovirales clade forms a sister group to eukaryotic PolB of
the subclass Epsilon and includes proteins encoded both in
viral and cellular genomes. Given that members of Caudovi-
rales often reside within bacterial and archaeal genomes as
prophages (62), we explored the possibility that the seem-
ingly bacterial PolB homologs in this subgroup are en-
coded within prophages. This indeed turned out to be the
case (Supplementary Table S2). Thus, phylogenetic analysis
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Figure 4. Maximum likelihood phylogenetic analysis of family B DNA polymerases from archaea, bacteria, eukaryotes and their respective viruses. Num-
bers at the branch points represent non-parametric bootstrap support (1000 replicates). Branches are color-coded and the color key is provided at the
bottom right corner of the figure. Alpha, Delta, Epsilon and Zeta represent subclasses of eukaryotic PolBs. ‘N’ indicates that only the catalytic N-terminal
domain of the PolB-Epsilon was considered. The scale bar represents the number of substitutions per site.

strongly suggests that there has been no recent horizontal
transfer of cellular PolB genes into Caudovirales genomes.

Unfortunately, due to high divergence of other groups
of analyzed viral and cellular replication proteins, phyloge-
netic analyses were less informative and generally resulted
in trees with poorly supported basal branches. Nevertheless,
they are sufficient to exclude the possibility of recent hor-
izontal gene transfer events. As a case in point, although
phylogenetic analysis of viral and cellular AEP proteins has
resulted in an unresolved tree (Supplementary Figure S6),
AEPs encoded by mobile elements form distinct clades none
of which emerge from within either archaeal or eukaryotic
AEPs. Similar to PolB, a considerable number of AEP ho-
mologs were found to be encoded within mobile genetic el-
ements, including plasmids and prophages (Supplementary
Table S2). Without detailed genomic context analysis such
homologs of archaeo-eukaryotic replication proteins might
be mistaken for genuine bacterial proteins.

Replicative helicases are the most common replication pro-
teins in dsDNA viruses

Replication protein complements identified across all
groups of dsDNA viruses, provide a comprehensive pic-
ture of the distribution and frequency of different groups of
replication proteins in the available viral genomes. Our anal-
ysis shows that replicative helicases are the most frequent
(75% of genomes) replication proteins (Figure 3). We con-
sider these results to be robust, because we analyzed only
a representative set of viruses and used stringent replica-
tive helicase assignment criteria. Even if we exclude sev-
eral ambiguous cases of the assignment of replicative he-

licases, their observed frequency would still be the highest
(73%). Moreover, replicative helicases are most abundant
regardless of the virus host (Supplementary Figure S7) or
viral genome size (Supplementary Figure S8). Rather un-
expectedly, despite their central role in replication, DNA
polymerases are considerably less common (49%), follow-
ing helicases, primases (62%) and SSB proteins (50%). The
frequencies of other replication proteins encoded in viral
genomes are significantly lower. Some of these proteins (e.g.
topoisomerases) might be dispensable for the replication of
small genomes while others perhaps might be more easily
replaceable by corresponding proteins of the host.

We observed that viruses lacking a replicative helicase
frequently have either integrases, DNA recombination pro-
teins or various replication initiation proteins, including ho-
mologs (and functional equivalents) of bacterial replisome
organizer DnaA and helicase loader DnaC or rolling-circle
replication initiation endonucleases such as gene A protein
(GPA) of phage P2. Interestingly, in some archaeal viruses
(AFV1, AFV2, Pyrococcus abyssi virus 1) we did not find
any typical DNA replication proteins. These viruses might
have highly diverged DNA replication proteins or use new
replication strategies. The latter possibility is supported by
the recent study on virus AFV1, which appears to employ
a novel strand displacement mechanism of genome replica-
tion. However, the proteins involved in this process have not
yet been identified (63).

DNA replication machineries are genome size dependent

Intuitively, the completeness of the viral DNA replication
machinery should correlate with the increased coding ca-
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Figure 5. Relationship between the observed frequencies of viral DNA
replication proteins and the genome size of dsDNA viruses.

pacity of viral genome. Therefore, we next asked whether
this is true and if so, how strong is this correlation. We di-
vided dsDNA viruses into three genome size groups (<40
kbp, 40–140 kbp and >140 kbp) in line with our previ-
ous finding (19) that the composition of DNA replicases
is genome size-dependent. For each group of genome sizes
we counted frequencies of occurrence of replication pro-
teins. It turned out that as the genome size increases ds-
DNA viruses tend to code their own replication proteins
more often (Figure 5). Our data revealed the strong genome
size dependency for all analyzed groups of DNA replica-
tion proteins, with the exception of SSB proteins (Figure
5). The reason why SSB proteins show only modest genome
size dependency is that we did not detect SSBs in a number
of large eukaryotic viruses of the Alloherpesviridae, Malaco-
herpesviridae, Nimaviridae, Nudiviridae, Hytrosaviridae, As-
farviridae families and phiKZ-like phages. This is rather sur-
prising, because SSB proteins are found in all cellular and
many (semi)autonomous viral DNA replication machiner-
ies (e.g. phages T7, T4, herpes, baculo and pox viruses).
Since the identification of OB-fold proteins from sequence
data is notoriously difficult, it is quite likely that at least
some SSB proteins may have escaped detection. Another
possible cause might be the non-orthologous displacement
of canonical OB-fold SSBs. These considerations are sup-
ported by our previous discovery of distant homologs of T7
SSB in nucleo-cytoplasmic large DNA viruses (49) and ex-
amples of unique SSBs in poxviruses, phages and archaeal
viruses (see above).

As expected from the determined trend, the most com-
plete DNA replication machineries are typically present in
viruses with large genomes such as the largest eukaryotic
viruses (Megavirales group, except Ascoviridae family), T4-
like and some other large phages and archaeal virus HVTV-
1 (Supplementary Table S3).

Figure 6. Associations between DNA replication proteins based on their
presence/absence in dsDNA virus genomes. An arrow pointing from the
protein indicates the percent of cases when this protein is encoded together
with the protein at the tip of the arrow.

Certain functional categories of DNA replication proteins are
tightly coupled

Given that complete virus-encoded replisomes are exclu-
sive to viruses with large genomes (see above), for viruses
with small and moderate genome size, the missing replica-
tion proteins have to be provided by the host cell. Thus,
we asked whether virus-encoded and host-encoded repli-
cation proteins are combined at random or not. To an-
swer this question, we investigated the correlation between
the presence/absence of genes coding for DNA replica-
tion proteins in viral genomes. Certain functional categories
showed strong, largely unidirectional, co-occurrence pat-
terns indicating that the encoded complement of viral repli-
cation proteins is not random. One of the highly correlated
groups involves replicative helicases, primases and DNA
polymerases. Our data show that viruses which encode a
DNA polymerase always have a replicative helicase (Figure
6A) and nearly always a DNA primase (98% of the cases).
An ultimate testament for the coupling of the three com-
ponents is presented by the two cases of the helicase, pri-
mase and polymerase fusion within the same polypeptide.
One of them comprises proteins encoded by Lactococcus
and Rhodococcus phages and exemplified by gp55 of Lac-
tococcus phage 1706 (gi: 182637532), which encompasses
SF3 helicase, AEP primase and PolB. Another case is exem-
plified by the Pas55 protein of Actinoplanes phage phiAsp2
(gi: 48697456) featuring SF3 helicase fusion with DnaG pri-
mase and PolA (Figure 2). Nevertheless, there are several
notable cases of primases being absent, including phiKZ-
like phages, halovirus HGTV-1 and Pseudomonas phage
119X (Supplementary file 1). In general, proteins of these
viruses are highly diverged, thus it is possible that DNA
primases were missed. Alternatively, these viruses might
use non-canonical priming mechanisms. The presence of
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DNA primase is a strong indicator that a replicative he-
licase is also present. These two proteins are often fused
together into the same polypeptide chain (41% of replica-
tive helicases) or are encoded nearby. Almost universally
(94% of cases) the primase domain appears N-terminal to
the helicase module (Supplementary file 2). We observed
that phages with replicative helicases of the SF4 super-
family more often code for a DNA primase as a separate
gene (similarly to DnaB and DnaG in bacteria) rather than
as a primase-helicase fusion (like in phage T7). Our data
also show that typically DnaG primases co-occur with SF4
replicative helicases while AEPs co-occur with SF3 heli-
cases. Alternative combinations of helicase-primase types
are less common. We found SF4 replicative helicases to-
gether with AEP in only 19% of cases and SF3 with DnaG
only in 14% of cases. Replicative helicases from SF6 and
SF2 do not seem to show preference for a specific type of
primase. SF1 replicative helicases were found only together
with AEP primases. However, replicative helicases of this
superfamily were only detected in herpes viruses and TvV-
S1 virus. Thus, it is perhaps too early to draw firm conclu-
sions about their preferences.

Another strong, unidirectional functional link is ob-
served between DNA polymerases, their processivity fac-
tors (DNA clamps) and clamp loaders (Figure 6B). All
viruses that encode clamp loaders also have processivity fac-
tors, but less than half of the processivity factors are accom-
panied by clamp loaders. This apparent discrepancy can
be explained by the observation that some viral processiv-
ity factors do not form closed rings (i.e. herpes UL42 and
UL44 (64)) and therefore do not need to be actively loaded
by clamp loaders. The presence of a processivity factor typ-
ically implies that the DNA polymerase gene is also present
(85% of cases). Interestingly, viral-specific families of pro-
cessivity factors (homologs of T4 gp45, herpesviral UL42,
UL44, BMRF1 and poxviral A20) always co-occur with
DNA polymerases. Only homologs of cellular processivity
factors (PCNA and PolIII�) sometimes break this rule.

We were surprised to find out that the presence/absence
of topoisomerases and ligases is also correlated. Although
it is known that TopoIIA can function on its own (65), we
found that all viruses (except Synechococcus phage S-TIM5)
possessing TopoIIA also encode a DNA ligase (Figure 6C).
Even the case of S-TIM5 is not a true exception: of the two
subunits (GyrA and GyrB) of the bacterial-type TopoIIA,
S-TIM5 has only GyrA (gi: 422936149). Another interest-
ing coincidence is observed in Pandoraviruses, the largest
known viruses. These viruses lack the canonical genes for
both DNA topoisomerases and DNA ligases (66). These
observations suggest that the actions of DNA ligases and
topoisomerases in dsDNA viruses might be closely coordi-
nated. Studies in vaccinia virus provide indirect support for
such a coordination by showing that the viral DNA ligase
interacts with cellular TopoIIA (II[�/�]) and directs it to
the virus replication and assembly sites (67).

DISCUSSION

One of the outstanding questions in Biology is the origin of
the two evolutionarily distinct DNA replication systems in
bacteria and archaea/eukaryotes, respectively (4,68). Some

of the core components in the two systems are either un-
related (DNA primases and replicative DNA polymerases)
or represent homologous but apparently non-orthologous
proteins (e.g. replicative DNA helicases) (4). Our results
showing the relative abundance and distribution of ma-
jor functional groups of DNA replication proteins among
viruses infecting hosts from different domains of life might
hold a clue to this riddle and shed light on the evolution
of not only viral but also cellular DNA replication systems.
Indeed, the potential role of viruses in the evolution of cel-
lular DNA replication systems and possibly in the origin of
the DNA itself has been recognized previously (4,68–70).

Particularly unexpected result of our analysis is that
nearly all major DNA replication proteins that are gener-
ally considered to be specific to archaeal and eukaryotic sys-
tems are widespread in viruses infecting bacteria. We found
that B-family DNA polymerases and AEP primases, which
are specific to replication machineries of archaea and eu-
karyotes, are conserved in dsDNA viruses from all three do-
mains of life. By contrast, homologs of bacterial replicative
polymerase (C-family) and DnaG-like primase are confined
to bacteriophages. Similarly, DNA polymerases of the A-
family are largely limited to bacteriophage genomes, with
a notable exception of virophages, a group of viruses that
for propagation depend on large eukaryotic viruses of the
family Mimiviridae.

Unwinding of the DNA duplex during the replication in
bacteria and archaea/eukaryotes is performed by helicases
that belong to two different superfamilies, SF4 (DnaB-like)
and SF6 (MCM-like), respectively. Although conspicuously
absent in eukaryotic viruses, replicative SF6 helicases are
encoded in both archaeal and bacterial viruses, whereas SF4
helicases, despite constituting the most populous group of
identified replicative helicases, are nearly exclusively found
in bacterial viruses.

A similar trend whereby replication proteins of the
archaeal/eukaryotic origin are found in bacterial viruses
can be also extended to the DNA polymerase accessory
proteins, DNA sliding clamps and clamp loaders. If we
consider the latter proteins at the family level, it appears
that dsDNA viruses are just a reflection of their hosts, i.e.,
PCNA and RFC are identified in archaeal and eukaryotic
viruses, whereas PolIII� and subunits of �/� -complex are
only observed in bacteriophages. However, if we look at
distant evolutionary relationships that are only apparent
at the structural level, the picture becomes different. DNA
sliding clamp subunits of T4-like phages structurally are
closer to PCNA rather than to PolIII�. More importantly,
they have the same two-domain architecture as PCNA and
not the three-domain architecture as PolIII�. In addition,
the recently solved crystal structure of T4 clamp loader
(gp44/62) revealed that it represents a minimal version of
the archaeal/eukaryotic RFC clamp loader (71). Herpesvi-
ral clamp proteins that bind DNA directly and therefore do
not need clamp loaders (72) are structurally also more sim-
ilar to PCNA than to PolIII�. All these observations com-
bined with our data indicate the universal spread of viral
versions of archaeal/eukaryotic clamps and clamp loaders.

Finally, archaeal/eukaryotic proteins participating in
the lagging strand synthesis, most notably ATP-dependent
DNA ligase, are also prevalent in bacteriophage genomes.
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Taken together, our results reveal that bacteriophages, in
particular members of the order Caudovirales, besides the
bacteria-specific DNA replication proteins encode nearly
entire suite of proteins thought to be specific to archaeal
and eukaryotic systems, including B-family DNA poly-
merases, AEP primases, SF6 replicative helicases, PCNA-
like clamps and RFC-like clamp loaders, as well as ATP-
dependent DNA ligases. Although the corresponding genes
in bacteriophage genomes are distributed sporadically and
are often intermixed with genuine bacterial-like replisome
components, some of the functional categories in their fre-
quency match (e.g., AEP) or even surpass (PolB and ATP-
dependent ligases) their bacterial counterparts. What could
be the origin of these proteins in bacteriophage genomes
and what does this tell us about the evolution of cellu-
lar DNA replication machineries? Phylogenetic analysis of
PolB and AEP proteins shows that bacteriophage-encoded
homologs are deeply branched within the respective phy-
logenies. This strongly suggests that these and, possibly,
other archaeo-eukaryotic replication protein genes have not
been acquired by bacteriophages from their contemporary
hosts. The alternative possibility that there has been trans-
domain host switch whereby an archaeal or eukaryotic virus
evolved to infect a bacterial host appears highly unlikely.
First, most viruses have a rather narrow host range and in-
terdomain virus transfers have never been reported. Second,
the archaeo-eukaryotic replication proteins are widespread
and abundant in bacteriophages indicating that their pres-
ence is not spurious but is rather a reflection of a long
evolutionary history of the corresponding genes in phage
genomes. It is thus conceivable that bacterial viruses that
encode the archaeo-eukaryotic complement have acquired
these genes prior to the divergence of cellular organisms
into the three contemporary domains of life. The ancient
origin of Caudovirales draws independent support from the
studies on the structure and assembly of their virions. It
has been demonstrated that bacterial members of the Cau-
dovirales are evolutionarily related to tailed dsDNA viruses
infecting archaea (31) and to eukaryotic members of the
order Herpesvirales (73). The outstanding question then
is what was the composition of the DNA replication ap-
paratus in the Last Universal Cellular Ancestor (LUCA)?
Several alternative scenarios have been proposed over the
years (4,68–70,74). One of the possibilities is that LUCA
had either proto-archaeal or proto-bacterial DNA repli-
cation system and subsequent non-orthologous gene dis-
placement of the key components in one of the primary
cellular lineages resulted in the current dichotomy (68,70).
However, which of the two DNA replication systems is an-
cestral remains unclear. The following observation might
be relevant for addressing this conundrum: bacteriophages
encompass both bacterial and archaeal/eukaryotic DNA
replication systems as well as specific DNA replication sys-
tems not found in cellular organisms, whereas archaeal and
eukaryotic viruses are largely devoid of bacteria-specific
DNA replication proteins. Such lack of bacterial-like repli-
cation proteins in archaeal and eukaryotic viruses suggests
that these proteins have evolved in the context of bacte-
rial viruses following their divergence from viruses of ar-
chaea and eukaryotes. Based on these observations we sug-
gest that LUCA had the archaeo-eukaryotic-like replica-

tion machinery which is universally present in contempo-
rary viruses infecting hosts from all three domains of life.

Of special interest are DNA replication proteins that are
exclusive to viruses. Although many virus-specific replica-
tion proteins display very narrow distribution and are re-
stricted to a particular group of viruses, particularly among
archaeal viruses, some are nearly ubiquitous. Most notable
among these are SF3 helicases and T7-like SSB. SF3 heli-
cases are widespread in viruses infecting hosts in all three
domains of life. It is intriguing that viral SF3 helicases tend
to co-occur or be fused with AEP primases, another ‘univer-
sal’ viral protein. Similarly, T7-like SSB, featuring a distinct
OB-fold domain, is present in both bacteriophages and eu-
karyotic viruses of the order Megavirales (49). Moreover, an
OB-domain most similar to that of T7-like SSB is present
in ICP8, a large multidomain SSB protein of herpesviruses.
Given that so far no OB-domain containing SSBs have been
identified in archaeal viruses, T7-like SSB appears to repre-
sent the most widely distributed viral SSB.

There is a clear correspondence between the viral genome
size and the completeness of the DNA replication machin-
ery encoded by a viral genome. Thus, only viruses with the
largest genomes can provide (nearly) all components re-
quired for their genome replication. The majority of viruses,
however, have to recruit certain components from the host.
In this respect, our data showing that helicases are the most
frequently encoded viral DNA replication proteins is some-
what unexpected. Not only are these proteins abundant but
are also very diverse. While cellular organisms for genome
replication utilize helicases of only two different superfam-
ilies, viruses make use of enzymes falling into five of the
six known helicase superfamilies. The ubiquity of viral heli-
cases implies that these proteins are best suited for recruit-
ment of the lacking replisome components from the host.
This might be explained by the fact that replicative helicases
are the first of the replication fork proteins loaded onto
origins of replication (75). Furthermore, helicases might
also be involved in recognition of replication origins (76)
through the fusion with DNA-binding domains (Figure 2).
Thus, it appears that a replicative helicase represents an
optimal solution for efficient assembly of the whole repli-
some on the viral DNA template. Consistently, we found
that viruses which encode their own primases and/or DNA
polymerases almost always (98 and 100% of the cases) en-
code also a helicase. Interestingly, the inverse co-occurrence
is not nearly as stringent, i.e., viruses that encode replicative
helicases might lack the genes for viral primases and DNA
polymerases and likely rely on the corresponding proteins of
the host. This suggests that viral versions of primases and
DNA polymerases are necessarily recruited to the replica-
tion fork by the viral helicase.

Strong co-evolution is also observed among DNA poly-
merases and their accessory proteins. Clamp loaders are
never encoded without their cognate clamps suggesting that
they co-evolve as a functional module. The same is true for
viral-specific families of processivity factors and DNA poly-
merases, but not for homologs of cellular processivity fac-
tors (PCNA and PolIII�) which sometimes can be encoded
in a viral genome in the absence of the DNA polymerase
gene. Since processivity factors cannot be expected to dis-
tinguish viral from cellular DNA, this raises a question as to
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the role of such stand-alone PCNA and PolIII� homologs.
These exceptions notwithstanding, the co-occurrence pat-
terns are a direct reflection of the steps in the assembly of
DNA replicase: the clamp loader loads the clamp, which in
turn tethers DNA polymerase to the DNA enabling pro-
cessive DNA synthesis. Less clear is the importance of the
observed co-occurrence between topoisomerases and DNA
ligases. Although direct experimental data on this issue is
lacking, our data strongly suggest that viral topoisomerases
and DNA ligases are linked functionally and perhaps phys-
ically.

These and other patterns identified in our study reveal
the fundamental logic of viral DNA replication that seems
to be applicable to dsDNA viruses infecting hosts in all do-
mains of life. Moreover, the uncovered patterns may be use-
ful for estimating DNA replication complement of new vi-
ral genomes or guiding the search for certain components.
Thus, the genome size may already give a clue as to which
DNA replication proteins to expect. Similarly, the presence
of proteins in specific functional categories may encourage
the search for the ‘missing’ components. For example, a
DNA sliding clamp may be difficult to identify from the
sequence data alone as it is not an enzyme and therefore
does not feature a conserved active site. However, if the vi-
ral genome encodes a clamp loader, which is relatively easy
to detect due to the conserved ATP-binding motifs, this is
a strong indication that the clamp should also be present.
The newly detected phage PAU homolog of the T4 DNA
sliding clamp in the present study is an example of practical
application of this idea.
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