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Abstract

The archaeal machinery responsible for DNA replication is largely homologous to that of eukaryotes and is clearly distinct from its
bacterial counterpart. Moreover, it shows high diversity in the various archaeal lineages, including different sets of components,
heterogeneous taxonomic distribution, and a large number of additional copies that are sometimes highly divergent. This has made
the evolutionary history of this cellular system particularly challenging to dissect. Here, we have carried out an exhaustive identification
of homologs of all major replication components in over 140 complete archaeal genomes. Phylogenomic analysis allowed assigning
themto either a conserved and probably essential core of replication components that were mainly vertically inherited, or to a variable
and highly divergent shell of extra copies that have likely arisen from integrative elements. This suggests that replication proteins are
frequently exchanged between extrachromosomal elements and cellular genomes. Our study allowed clarifying the history that
shaped this key cellular process (ancestral components, horizontal gene transfers, and gene losses), providing important evolutionary
and functional information. Finally, our precise identification of core components permitted to show that the phylogenetic signal
carried by DNA replication is highly consistent with that harbored by two other key informational machineries (translation and

transcription), strengthening the existence of a robust organismal tree for the Archaea.

Key words: Cdc6/0Orc1, RPA/SSB, DNA gyrase, primase, phylogeny, nanosized archaea.

Introduction

Replication of the genetic material is a crucial step of the cell
cycle. All three domains of life replicate their DNA semicon-
servatively (Meselson and Stahl 1958) and follow basically the
same sequence of events (for a recent review see DePamphilis
and Bell [2010]): The replication fork is assembled by a specific
protein or initiation complex that recognizes the origin of rep-
lication on the chromosome and opens up the double-
stranded DNA. A helicase is then recruited, producing a rep-
lication bubble that is protected by single-stranded DNA-bind-
ing proteins. The core replication machinery then assembles at
the fork with the help of the sliding clamp, a ring-shaped
factor that tethers it to the DNA template. The main replicative
polymerase extends DNA replication bidirectionally from short
RNA primers made by a primase, with one strand being syn-
thesized continuously (leading strand), and the other discon-
tinuously (lagging strand). The Okazaki fragments produced
during synthesis of the lagging strand are joined together by a

DNA ligase after excision of the RNA primers. During the
whole process, a number of topoisomerases act to resolve
topological problems arising from DNA supercoiling in front
of the replication fork and chromosome entangling at the end
of replication. Despite the overall conservation of these major
steps, the machinery used for DNA replication in Archaea and
Eukaryotes exhibits striking differences to the bacterial repli-
cation machinery, which uses nonhomologous proteins be-
longing to completely different families (fig. 1) (Grabowski
and Kelman 2003; Barry and Bell 2006).

The archaeal replication machinery is generally considered
to be a simplified version of the eukaryotic apparatus, which
usually harbors more components (fig. 1). However, it too has
its own peculiar characteristics. Along with a PolB polymerase,
most archaea also possess a PolD polymerase whose catalytic
subunit has no homologs in Bacteria or Eukaryotes (Cann et al.
1998). Furthermore, to relax positive superturns arising during
replication and decatenate the chromosome at the end of
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A Bacteria Archaea Eukaryotes
Initiation
Origin recognition Dna A Cdc6-Orc1 ORC(1), ORC(2-6), Cdc6
Helicase loading Dna C Cdc6-Orc1 Cdcé
Cdt1
Replicative helicase Dna B (E.coli) MCM MCM (2-7)
GINS-51, GINS (SlId5, Psf1),
RecJ(Cdc45)? Cdc45
Elongation
Single stranded binding protein |SSB SSB *
RPA1 RPA70, RPA34, RPA14
Polymerase/exonuclease Pol Il (Family C) Pol B (Family B) Pol 3, Pol e (Family B)
Pol D (DPL and DPS)
Clamp loader y complex RFC-L, RFC-S RFC-L, RFC-S(1-4)
Sliding clamp B clamp PCNA PCNA
Primase Dna G Primase (PriS, PriL), DnaG? |Primase (PriS, PriL)
B subunit
DNA pol a
Primer excision (lagging) RNase HI RNase HIl RNase H2A, RNase H2B, RNase H2C
DNA Pol | FEN-1 FEN-1
Dna2? Dna2
Maturation (lagging) ATP-dependent DNA ligase ATP-dependent DNA ligase
NAD+-dependent DNA ligase |NAD+-dependent DNA ligase
DNA relaxation
Topoisomerases Topo VI (Type IIB) *
Topo IB (Type IB) Topo IB (Type IB)
DNA gyrase, Topo IV (Type IIA) |DNA gyrase (Type lIA) Topo IIA (Type IIA)

TopoVi
DNA gyrase
Topo IB

Cdc6/Orc1

RNaseH

ATP-DNA ligase

Fic. 1.—(A) General overview of the components of DNA replication in the Archaea compared to the other two domains of life. Same color in a given
row indicates homology; gray shading indicates that the bacterial version has only structural similarity with the archaeal/eukaryal component; question marks
represent components with unclear implication in archaeal replication, i.e., DnaG, Dna2, and Rec) homologs; asterisks indicate that a eukaryotic homolog
exist but is not involved in replication, i.e., SSB and TopoVI. See main text for details. (B) Sketch of the DNA replication machinery in the Archaea. Colors
corresponds to those in (A).
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replication, two tasks which are performed by Type IIA en-
zymes in Eukaryotes and Bacteria, most archaea use a topo-
isomerase of the type IIB family (TopoVI; Forterre et al. 2007).
Some archaeal components have homologs in eukaryotes that
are not involved in DNA replication (fig. 1). For example, eu-
karyotic homologs of the catalytic subunit of archaeal TopoVI
(Spo11) are involved in the initiation of meiotic recombination
(Bergerat et al. 1997). Additionally, homologs of the archaeal
single-stranded binding (SSB) proteins were identified in eu-
karyotes several years ago (Robbins et al. 2005) and are the
subject of growing appeal due to their probable yet poorly
understood role in genome integrity (Richard et al. 2008; Shi
et al. 2012). The role of some homologs of eukaryotic repli-
cation components in archaea is not clear and remains to be
confirmed by functional studies. For example, Dna2 may be
involved in Okazaki fragment maturation, performing the
same function as in eukaryotes (Higashibata et al. 2003).
Similarly, the role of the archaeal RecJ, a 5'-3" exonuclease
(also found in bacteria and a distant homolog of eukaryotic
Cdc45) remains to be verified experimentally, but may fulfill
the same function in an archaeal CMG (Cdc45, MCM, GINS)
complex (Makarova et al. 2012). Archaea also harbor a few
homologs of bacterial replication components such as NAD+-
dependent DNA ligase, DNA gyrase, and DnaG (fig. 1).
Although ATP-dependent ligases are ubiquitous in Archaea
and Eukaryotes (Wilkinson et al. 2001; Martin and MacNeill
2002), bacterial-like NAD+-dependent ligases have been iden-
tified in some members of Halobacteriales (Zhao et al. 2006).
DNA gyrase, a topoisomerase belonging to the Topo IIA
family, is present in a number of euryarchaeal lineages
(Forterre et al. 2007). In the case of archaeal homologs of
bacterial primase DnaG (Aravind and Koonin 1998), the pro-
posal that they are involved in replication (Bauer et al. 2013) is
weakened by strong evidence that suggests a role in RNA
metabolism (Hou et al. 2013).

Remarkably, the machinery for DNA replication appears to
vary greatly among archaeal lineages, which can harbor var-
ious combinations of key components. This variation includes
different main replicative polymerases (PolB and PolD), single
or multiple replication origins and initiator proteins (Cdc6/
Orc1), different SSB proteins (SSB, RPA), and alternative multi-
meric complexes (PCNA, RFC, and GINS); (Grabowski and
Kelman 2003; Barry and Bell 2006; McGeoch and Bell 2008;
Bell 2011; Beattie and Bell 201 1). There have also been reports
of possible replacements of components by nonhomologous
proteins, such as the putative initiator protein MJ0774 in
Methanococcus jannaschii (Zhang RR and Zhang C-TC 2004)
and the putative single-stranding binding protein ThermoDPB
in Thermoproteales (Paytubi et al. 2012). Moreover, archaeal
genomes can display additional copies of replication compo-
nents that are often embedded in integrative elements of
plasmid and/or viral origin. For example, the integrated ele-
ment TKV3 of Thermococcus kodakarensis KOD1 encodes a
homolog of PCNA (Fukui et al. 2005); Haloferax volcanii

harbors three replication origins and nine Cdc6/Orc1 coding
genes, with one pair embedded in a 50 kb prophage region
(Hartman et al. 2009); Sulfolobales contain three replication
origins and three Cdc6/Orc1 copies, one of which is associated
with the second origin of replication that was contributed by
an integrative element (Samson et al. 2013). Finally, a number
of additional divergent MCM homologs originating from in-
tegrative elements or plasmids are present in various archaeal
taxa (Krupovic, Gribaldo, et al. 2010).

Such extreme diversity has made it particularly challenging
to dissect the evolutionary history of archaeal DNA replication.
Although some components have been previously analyzed
(Chia et al. 2010; Krupovic, Gribaldo, et al. 2010), no attempt
has been made to perform a global survey of the complete
machinery. Here, we have carried out an in depth phyloge-
nomic analysis of all components of DNA replication in over
140 complete archaeal genomes. We specifically assess the
taxonomic distribution of homologs in each of these ge-
nomes. In addition, we precisely identify copies arising from
integrative elements/decaying paralogs/horizontal gene trans-
fers as opposed to those that constitute a conserved and ver-
tically inherited core replication machinery, providing
important information for further evolutionary and functional
analysis of these components. Phylogenetic analysis of the
core components allowed us to infer the nature of DNA rep-
lication in the last archaeal common ancestor (LACA) and the
subsequent evolutionary history that shaped this machinery.
Finally, our analysis enabled us to investigate, for the first time,
the phylogenetic signal carried by DNA replication. It shows
remarkable consistency with that harbored by the two other
main informational processes (transcription and translation),
confirming the existence of a robust phylogenomic core that
can be used to reconstruct the tree of the Archaea.

Materials and Methods

Identification of Homologs of DNA Replication
Components

Homologs of each archaeal DNA replication component were
retrieved from the reference sequence database at the
National Center for Biotechnology Information (NCBI) using
the BlastP (Altschul et al. 1997) program with different seeds
from each archaeal order. The top 100 best hits for each order
were then used to create hidden Markov model (HMM) pro-
files (Johnson et al. 2010; http:/Avww.hmmer.org, last
accessed January 16, 2014) that allowed an iterative search
of a local database of 142 archaeal genomes including 98
plasmid sequences and a local database of 56 complete ar-
chaeal virus genomes downloaded from the Viral Genomes
database of NCBI (as of June 20, 2013) (supplementary table
S3, Supplementary Material online). The absence of a given
homolog in a specific genome was verified by performing
additional tBlastN (Altschul et al. 1997) searches. Genomic
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context was investigated using MaGe (Vallenet et al. 2005),
MGV2 (Kerkhoven et al. 2004), and STRING (Szklarczyk et al.
2011).

Phylogenetic Analysis

Multiple alignments were performed with MUSCLE v3.8.31
(Edgar 2004) and manually inspected using the ED program
from the MUST package (Philippe 1993) to verify that all se-
guences retrieved at the first step were homologous. Final
single protein data sets were trimmed using the software
BMGE (Criscuolo and Gribaldo 2010) with default parameters
and subjected to phylogenetic analyses by Maximum
Likelihood and Bayesian methods. Maximum likelihood anal-
yses were performed with Treefinder (Jobb et al. 2004; version
of 2008). For each protein data set, the best-fit parameters
and model of amino acid substitution were chosen using the
Akaike information criterion with a correction (AlCc) for finite
sample sizes (Hurvich and Tsai 1989) as implemented in
Treefinder (Jobb et al. 2004). Bootstrap supports were calcu-
lated based on 100 resamplings of the original alignment.
Bayesian analyses were run with MrBayes 3.2 (Ronquist
et al. 2012), using the mixed amino acid substitution model
and four categories of evolutionary rates. Two independent
runs were performed for each data set, and runs were
stopped when they reached a standard deviation of split fre-
guency below 0.01 or the log likelihood values reached sta-
tionary. The majority rule consensus trees were obtained after
discarding first 25% samples as burn-in.

For the analysis of DNA gyrase, alternative tree topologies
were statistically evaluated using the following paired-sites
tests: expected-likelihood weights, bootstrap probability (BP;
Felsenstein  1985), Kishino and Hasegawa (Kishino and
Hasegawa 1989), Shimodaira and Hasegawa (SH;
Shimodaira and Hasegawa 1999; Goldman et al. 2000),
Weighted SH test (Shimodaira and Hasegawa 1999; Buckley
et al. 2001), and approximately unbiased (AU) test
(Shimodaira 2002) as implemented in Treefinder (Jobb et al.
2004). A total of 500000 RELL (Kishino et al. 1990) replicates
were run. Three alternative topologies were tested and it was
determined that the data did not reject the topology if the P
value was greater than 0.05 for all tests.

Supermatrix Analyses

Fourteen DNA core replication proteins that were present in at
least 60% of the archaeal genomes (PriS, MCM, PCNA, Cdc6/
Orc1, DPL, DPS, PolB, TopoVI-A, TopoVI-B, RFC-s, RFC-l,
RNaseH, DNA ligase, and FEN-1) were retained for superma-
trix analysis. To handle species-specific paralogs, we chose one
paralog, and the slowest evolving if applicable, to limit possible
artifacts due to fast evolutionary rates. In the case of ancient
paralogs, we also chose those representing the cluster with
larger taxonomic representation and/or showing the slowest
evolutionary rates. For example, we chose the Cdc6/Orc1-1

paralog (see Results). Each multiple alignment was indepen-
dently realigned, trimmed, and concatenated into a character
supermatrix comprised of 4,295 amino acid positions and 129
archaeal taxa (after keeping only one representative strain of
the same species). PhyloBayes 3.3b (Lartillot et al. 2009) was
used to perform Bayesian analysis using the CAT + GTR model
and a gamma distribution with four categories of evolutionary
rates was used to model the heterogeneity of site evolutionary
rates. The concatenated datasets were also recoded using
Dayhoff6 and Dayhoff4 recoding schemes as implemented
in PhyloBayes 3.3b (Lartillot et al. 2009) and analyzed with
the same model parameters. For each data set, two indepen-
dent chains were run until convergence (max diff < 0.01). The
first 25% of trees were discarded as burn in and the posterior
consensus was computed by selecting one tree out of every
two to compute the 50% majority consensus tree. Maximum
likelihood analysis was carried out by PhyML (Guindon et al.
2010), the LG model and a gamma correction with four cat-
egories of evolutionary rates. Bootstrap support was calcu-
lated based on 100 resamplings of the original alignment.

Results

Archaeal DNA Replication: The Core Component and the
Variable Shell

We performed an exhaustive search for homologs of the 16
major components of the DNA replication machinery (22 pro-
teins considering subunits) in 142 complete archaeal genomes
(fig. 2; supplementary table S1, Supplementary Material
online). The taxonomic distribution of these proteins shows
a highly dynamic pattern along the different archaeal lineages.
Some components are present essentially in a single copy and
in the majority of genomes (e.g., GINS 51, TopoVI A and B,
RFC-L, DNA ligase 1, Fen1, RNase HlI, PriS, and Pril), whereas
others are missing altogether from a number of archaeal
lineages (e.g., Cdc6/Orc1 in  Methanococcales and
Methanopyrales, TopoV| in Thermoplasmatales, PolD and
RPA in Crenarchaeota, SSB in most Euryarchaeota and
Thermoproteales). Incomplete assembly of some genomes,
such as the Nanohaloarchaea, uncultured marine group I,
Candidatus Caldiarchaeum subterraneum (Aigarchaeota),
and the ARMANS (Archaeal Richmond Mine Acidophilic
Nanoorganisms) suggests that some absences in these taxa
must be taken with caution. Finally, a few components display
a large number of extra copies in some taxa (e.g., Cdc6/Orc1
in Halobacteriales, MCM in Methanococcales, RPA in many
Euryarchaeota, PolB in  many Euryarchaeota and
Crenarchaeota, PCNA in Crenarchaeota).

Inspection of multiple alignments, phylogenies, and
genome synteny allowed us to highlight two categories of
homologs: 1) slow-evolving homologs lying within chromo-
somal regions that are syntenic among closely related taxa
and whose phylogeny is overall consistent with the archaeal
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Fic. 2.—Distribution of homologs of 22 main replication components in 142 archaeal genomes. Filled circles represent homologs that we assigned to
the core replication machinery, whereas gray circles represent homologs assigned to the shell component (see text for details). Split genes are indicated by
half circles, and the fused primases by a box (see text for details). Letters in first column indicate the phylum (A, Aigarchaeota; T, Thaumarchaeota; C,
Crenarchaeota; K, Korarchaeota; N, Nanoarchaeota; E, Euryarchaeota). Asterisks indicate classes instead of orders. Full accession numbers are given in

supplementary table S1, Supplementary Material online.
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phylogeny, as opposed to 2) highly divergent copies that lie
within nonconserved genetic contexts and/or display more
restricted taxonomic sampling and inconsistent phylogenetic
affiliations. We reasoned that the first category represents
components that were primarily vertically inherited during ar-
chaeal diversification and form what we called the conserved
core replication components (fig. 2, filled circles; for full ac-
cession numbers see supplementary table S1, Supplementary
Material online), whereas the second category represents hor-
izontally transferred genes, decaying paralogs, or homologs
arising from integration of extrachromosomal elements that
form a variable pool of proteins that we called the shell rep-
lication components (fig. 2, open circles; for full accession
numbers see supplementary table S1, Supplementary
Material online).

An example of our approach is provided by the analysis of
Cdc6/0rc. Except for the previously mentioned absence in
Methanococcales and Methanopyrales, all archaeal genomes
contain at least one homolog of the initiation protein Cdc6/
Orc1. Most lineages harbor at least two copies, and a very
large number of homologs are present in Halobacteriales
(fig. 2). We found that in each genome only one or two
Cdc6/0rc1 homologs are slow evolving and show conserved
synteny among closely related taxa. Additional copies, when
present, are very divergent and display nonconserved genomic
contexts. When a phylogenetic tree was built from all homo-
logs (not shown) the first category formed two clearly distinct
clusters representing a large taxonomic coverage, which,
albeit not completely resolved, is globally consistent with ar-
chaeal phylogeny. In contrast, the second category fell into an
unresolved group showing very long branches, restricted tax-
onomic coverage and highly inconsistent phylogenetic rela-
tionships. The first category was therefore assigned to the
core replication machinery (fig. 2, filled circles; supplementary
table S1, Supplementary Material online), and the second to
the shell (fig. 2, open circles; supplementary table ST,
Supplementary Material online). For validation, among the
three Cdc6/0Orc1 copies present in Sulfolobales, we correctly
assigned the copy corresponding to the origin of replication
embedded in an integrative element as a shell component
(Robinson and Bell 2007). Similarly, among the large
number of Cdc6/Orc1 copies present in Halobacteriales, only
two were identified as part of the core replication, whereas all
others fell into the shell component (fig. 2; supplementary
table S1, Supplementary Material online).

The identification of the fast-evolving shell components al-
lowed for a finer analysis of the precise evolutionary history of
core Cdc6/Orc1 proteins (fig. 3). Although the tree was not
completely resolved due to the limited number of positions
analyzed, the monophyly of the two clusters was strongly
supported, each displaying robust monophyletic groups cor-
responding to the major archaeal phyla and orders (fig. 34).
In particular, when two copies are present in a given taxon,
they generally correspond to either one cluster or the other.

For instance, this is the case of the two core paralogs of
Sulfolobales; one corresponds to the first cluster (Cdcé/
Orc1-1) and the other to the second cluster (Cdc6-Orc1-2).
The same is true for Halobacteriales, where only two core
paralogs belonging to each of the two clusters could be iden-
tified. This suggests that Cdc6/Orc1-1 and Cdc6/Orc1-2 are
ancient paralogs that arose from gene duplication and were
both likely present in the LACA. Therefore, the absence of one
of the two copies in present day genomes must be interpreted
as the consequence of gene loss (fig. 3B). This trend of gene
loss is observed across the whole archaeal tree, with different
lineages having lost either one paralog or the other. For ex-
ample, we can infer loss of Cdc6/Orc1-2 in the ancestor of
Thaumarchaeota and in the ancestor of Thermococcales, and
loss of Cdc6/Orc1-1 in the ancestor of Thermoproteales and
Korarchaeota (fig. 3B). Methanococcales and Methanopyrales
have pushed this trend to the extreme by losing both copies,
likely in parallel to replacement by a nonorthologous protein
(Zhang RR and Zhang C-CT 2004; Berthon et al. 2008). The
Cdc6/0rc1-2 cluster appears to evolve faster than the Cdc6/
Orc1-1 cluster and exhibits a few inconsistencies with the ar-
chaeal phylogeny, such as the branching of Korarchaeota and
Aigarchaeota ~ within ~ Thermoproteales, and of
Thermoplasmatales/uncultured marine group Il at the base
of Crenarchaeota (fig. 3A). More data from these lineages
will be necessary to clarify whether these taxa acquired their
Cdc6/Orc1-2  via  horizontal gene  transfer  from
Crenarchaeota, or if these placements are the result of a
tree artifact. Indeed, a number of horizontal gene transfers
from Crenarchaeota are known to have occurred during ad-
aptation of Thermoplasmatales to thermoacidic environments
(Futterer et al. 2004). Finally, Halobacteriales have kept both
Cdc6-Orc1 and Cdc6/Orc1-2 paralogs, but most genomes
have acquired multiple extra copies arising from integration
of mobile elements (fig. 2). It has to be noted that
Cdc6/0rc1-1 coincides with one of the three origins of repli-
cation identified in H. volcanii (Hawkins et al. 2013), but Cdc6-
Orc1-2 does not. The same is true for Sulfolobus solfataricus,
where only Cdc6/Orc1-1 coincides with one of the three
origins of replication (Samson et al. 2013).

The Cdc6/Orc1 case is not unique. By using the same ap-
proach, we identified shell copies for most replication compo-
nents, with an apparent preference for Cdc6/Orc1, MCM,
PCNA, and PolB (fig. 2). Remarkably, the components that
appear enriched in shell copies are also specifically present in
plasmid and viral sequences, particularly from Halobacteriales
(fig. 4; supplementary table S2, Supplementary Material
online). This suggests that the shell replication homologs
may come predominantly from extrachromosomal elements.
In addition, it appears that extrachromosomal entities are en-
riched with different replication proteins, for example, Cdcé/
Orc1 is more abundant in plasmids and PolB is particularly
present in viruses (fig. 4). Although the current taxonomic
covering of viral and plasmid sequences from archaea is
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narrow (supplementary table S3, Supplementary Material
online), these data suggest that replication proteins are fre-
guently exchanged between extrachromosomal elements and
cellular genomes.

The precise identification of core and shell replication com-
ponents can be important for functional studies on archaeal
replication, as proteins belonging to the core may have essen-
tial roles while shell components may keep functions linked to
their extrachromosomal entity. For instance, of the three
MCM present in T. kodakarensis, we assigned the gene
encoding MCM3 (TK1620) to the core (supplementary table
S2, Supplementary Material online); in fact, experimental data
have shown that this is the only essential copy and is likely the
only MCM involved in genome replication (Pan et al. 2011).
Additionally, of the two PCNA homologs in T. kodakarensis,
we designated PCNAT (TK0535) as the core component and
PCNA2 (TK0582) as the shell, consistent with the finding that
only PCNAT1 is required for cell viability (Pan et al. 2013).

Halobacteriales o0

The analysis of each replication protein allowed us to pre-
cisely reconstruct the global evolutionary history of DNA rep-
lication in the Archaea and the dynamics that shaped this key
cellular machinery from the LACA throughout the subsequent
diversification of this Domain of Life. Some of our results also
provide interesting evolutionary and functional information,
and are detailed hereafter.

Complex Evolutionary History of SSB and RPA Proteins

It is commonly assumed that SSB proteins with a single OB fold
and a flexible C-terminal tail (SSB) are typical of Crenarchaeota
(Wadsworth and White 2001) and that SSB proteins with
multiple OB folds (RPA) are typical of Euryarchaeota
(Grabowski and Kelman 2003; Kerr et al. 2003). The high
degree of sequence divergence among archaeal SSB proteins
makes the assignment of homologs particularly challenging.
According to sequence similarity and the presence of single or
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Fic. 4—Homologs of DNA replication proteins found in archaeal plasmids and viruses. Colors correspond to those used in figure 1. Accession numbers

are given in supplementary table S2, Supplementary Material online.

multiple OB folds, we now clarified the distribution of SSB and
RPA homologs in all archaeal genomes (fig. 2; supplementary
table S1, Supplementary Material online).

Euryarchaeal RPAs can display different domain architec-
tures and form various structural conformations. For example,
Methanococcus jannaschii encodes a unique SSB protein, ho-
mologous to eukaryotic RPA70 that functions as a monomer
in solution (Kelly et al. 1998). Methanosarcina acetivorans en-
codes a homolog of eukaryotic RPA70 called MacRPA1, along
with two divergent homologs, MacRPA2 and MacRPA3, each
able to self-assemble into a homomultimeric complex
(Robbins et al. 2004; Skowyra and MacNeill 2012). In addition,
many archaeal genomes encode proteins that are not homol-
ogous to RPA but are found close by and therefore were called
RPA-associated proteins (Berthon et al. 2008) (hereafter re-
ferred to as RAP). In H. volcanii these RPA-associated proteins
are thought to be cotranscribed with the adjacent RPA2 and
RPA3 genes (Skowyra and MacNeill 2012) and have been
shown to interact with them (Stroud et al. 2012). We found
that homologs related to Methanosarcina RPA1 are largely
distributed in archaeal genomes (in yellow in fig. 5, see also
supplementary table S2 [Supplementary Material online] for
full accession numbers) and their phylogeny, although not
completely resolved, is consistent with the archaeal tree (not

shown). Therefore, these likely represent the core RPA com-
ponent and are likely essential. In fact, among the three RPA
copies present in H. volcanii, the copy that we assigned to the
core is the only one that is essential (Skowyra and MacNeill
2012).

A number of late emerging euryarchaeal lineages also dis-
play one or two additional and divergent RPA homologs that
we classified as RPA2 and RPA3 according to their sequence
similarity to Methanosarcina acetivorans MacRPA2 and
MacRPA3 (in green in fig. 5, see also supplementary table
S2 [Supplementary Material online] for full accession num-
bers). Their specific distribution in late emerging euryarchaeal
lineages and phylogenetic analysis (not shown) indicates that
RPA2 and RPA3 are paralogs that arose via gene duplication in
Euryarchaeota, after the divergence of Thermococcales,
Methanococcales, and Methanobacteriales. We found that
RPA2 and RPA3 always lie close to RAP2 and RAP3 proteins
(inredin fig. 5). RAP2 and RAP3 proteins are homologous and
phylogenetic analysis showed a consistent topology to that of
RPA2/RPA3 (not shown) suggesting that they also arose by
gene duplication in the same ancestor. Such similar evolution-
ary history and genomic association strongly points to an an-
cient and important functional linkage of RPA and their
associated proteins in these euryarchaeota.
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Fic. 5.—Taxonomic distribution and diversity of archaeal SSB and RPA homologs plus the associated proteins (RAP2 and RAP3). ThermoDP, the
proposed replacement for the native SSB of Thermoproteales, is shown in gray. See text for details.

Thermococcales display very peculiar characteristics con-
cerning their SSB proteins. Pyrococcus furiosus harbors three
nonhomologous SSB proteins: RPA41, RPA14 (which, despite
its name, is not homologous to eukaryotic RPA14), and
RPA32. Together these form a stable heterotrimeric complex,
and their encoding genes are adjacent in the genome
(Komori and Ishino 2001). RPA41 is only distantly related to
other archaeal RPAT homologs, and closely related homo-
logs of RPA32, RPA14, and RPA41 are also found in
Methanococcales where they maintain the same genomic ar-
rangement (fig. 5). Because these two orders do not share an
exclusive common ancestor according to ribosomal protein
trees (Matte-Tailliez et al. 2002; Brochier et al. 2004, 2005;
Brochier-Armanet et al. 2011), the presence of such a unique
three-protein RPA system may be explained with a horizontal
gene transfer, either directly or through a common mobile
element, which possibly displaced the original RPA1. In fact,
some Methanococcales genomes still harbor an RPAT homo-
log that may represent the original protein (fig. 5; supplemen-
tary table S2, Supplementary Material online).

In contrast to RPA, SSB homologs have a much more
restricted taxonomic distribution and are mostly present
in a single copy (fig. 2; supplementary table S2,

Supplementary Material online). The presence of an SSB in
Thermophilum pendens, an early emerging lineage in the
Thermoplasmatales, testifies to the ancestral presence of this
protein in this lineage prior to its replacement by the
nonhomologous ThermoDPB (Paytubi et al. 2012). The distri-
bution of SSB appears complementary to that of RPA, with
the notable exception of Thaumarchaeota, Korarchaeota,
Thermoplasmatales/DHEV2, two Nanohaloarchaea, and
ARMAN, which harbor both an RPA1 and an SSB homolog
(fig. 2). The function of SSB homologs outside the
Crenarchaeota is unknown, as is their possible interaction or
division of labor in the taxa that harbor an RPA homolog. We
noticed that the SSB homologs of Aigarchaeota and
Thermoplasmatales/DHEV2 harbor the flexible C-terminal tail
typical of crenarchaeal SSB. In Crenarchaeota, this tail appears
to be involved in repair and recombination (Cubeddu and
White 2005) (schematically represented by a striped box in
fig. 5, for a full alignment see supplementary fig. ST,
Supplementary Material online). This tail is absent from the
SSB of Thaumarchaeota and Korarchaeota, which harbor an
RPAT homolog (fig. 5; supplementary fig. S1, Supplementary
Material online). This may hint at a change in function of SSB
in these taxa or even a potential interaction with RPAT.
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Fic. 6.—Schematic representation of the classic archaeal DNA primase genes encoding for the two subunits PriS and PriL, as opposed to the single genes
encoding for fused archaeal primases that we found in some nanosized lineages. The presence of a PriS in Ca. Parvarchaeum acidophilum ARMAN-4 is
unknown (question mark). The genome sizes are given in parentheses. See text for details.

Indeed, in the genomes of Candidatus Parvarchaeum acido-
philum ARMAN-4 and Candidatus Parvarchaeum acidophilus
ARMAN-5" the gene coding for RPAT lies next to the gene
coding for SSB (supplementary table S1, Supplementary
Material online). Phylogenetic analysis of SSB homologs (sup-
plementary fig. S1, Supplementary Material online) suggests
that Thermoplasmatales and Aigarchaeota may have acquired
their SSB via horizontal gene transfer from Crenarchaeota, an
event possibly linked with the loss of the native RPAT in both
lineages. Intriguingly, this putative transfer displays a similar
pattern to the one that is likely at the origin of the Cdc6/Orc1-
2 of these lineages, as discussed earlier. It is therefore not
excluded that both Cdc6/Orc1-2 and RPA1 where transferred
together, indicating a possible direct functional linkage of
these two components.

Fused Archaeal DNA Primases: A Shared Derived
Character for Nanosized Archaea?

Archaeal DNA primases (PriS and PriL) show low sequence
similarity with their eukaryotic counterparts and even within
Archaea. Most archaea contain a classic primase, made of a
catalytic subunit PriS and an accessory subunit PriL (fig. 6). The
PriL subunit contains a conserved Fe-S cluster-binding domain

that plays an important role in primase activity (Klinge et al.
2007) (fig. 6, yellow box). The activity of PriS lies in an N-
terminal catalytic domain with a conserved motif (fig. 6,
black bars). It has been previously observed that
Nanoarchaeum equitans contains a short atypical primase
encoded by a single gene, which is composed of a fusion of
the catalytic domain of PriS and the Fe-S cluster-binding
domain of PriL (lyer et al. 2005). We identified this same
type of primase in the recently sequenced Nanoarchaeote
Nst1 (Podar et al. 2012) and in an uncultured nanoarchaeon
from a recent single cell genomics survey (Rinke et al. 2013).

Besides Nanoarchaeota, two novel uncultured archaeal lin-
eages characterized by reduced genomes and very small cell
sizes have been highlighted recently: a candidate class called
Nanohaloarchaea represented by three metagenomic assem-
blies isolated from a highly saline lake in Australia
(Narasingarao et al. 2012), and the Archaeal Richmond
Mine Acidophilic Nanoorganisms or ARMAN lineage repre-
sented by three metagenomic assemblies isolated from an
acidic iron-rich mine in the United States (Baker et al. 2010).
Interestingly, we found that Candidatus Parvarchaeum aci-
dophilus ARMAN 5 and the nanohaloarchaeon Candidatus
Nanosalinarum sp. JO7AB56 contain a single gene encoding
a fused PriS/PriL whose sequences are closely related to that of
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N. equitans but are very divergent in comparison to other
archaeal primases. The second available nanohaloarchaeum
Candidatus Nanosalina sp. JO7AB43 harbors two adjacent
genes encoding for a short primase that clearly align with
the other fused primases (fig. 6). Candidatus Parvarchaeum
acidiphilum ARMAN 4 has a PriL homolog that aligns well with
the C-terminal metal binding domain of the short PriL, but
appears to lack the N-terminal catalytic PriS domain (fig. 6).
However, it is located at the end of a contig in this nonassem-
bled genome, and therefore the presence of the PriS domain
cannot be excluded at present. In contrast, Candidatus
Micrarchaeum acidiphilum ARMAN 2 possesses a classic pri-
mase (fig. 6).

[t could be argued that these peculiar fused primases
arose from evolutionary convergence following genome
streamlining in these nanosized lineages. However, the hy-
pothesis of convergence can be excluded because they are
related at the sequence level. This leaves two possibilities:
either the lineages harboring a fused primase share a
common ancestor or the fused primases have replaced the
original primases via horizontal gene transfer. Based on phylo-
genetic analysis of 38 universal protein markers, Rinke et al.
(2013) have proposed the existence of a monophyletic super-
phylum called DPANN whose members would be character-
ized by small cell and genome sizes and would include the
ARMANS, Nanohaloarchaea, and Nanoarchaeota. The sharing
of fused primases may appear consistent with the existence of
a DPANN clade. However, it is not consistent with Ca.
Micrarchaeum acidiphilum ARMAN 2 harboring a classical pri-
mase. Moreover, the grouping of nanosized archaeal lineages
in phylogenetic trees should be interpreted with caution given
that robust clustering of fast evolving lineages is a well-known
artifact of phylogenetic reconstruction (Gribaldo and Philippe
2002). Indeed, recent ribosomal protein trees support the clus-
tering of Ca. Parvarchaeum acidiphilum ARMAN 4,
Ca. Parvarchaeum acidophilus ARMAN 5 and Nanoarchaeota
to the exclusion of Ca. Micrarchaeum acidiphilum ARMAN 2
(Brochier-Armanet et al. 2011), and the grouping of
Nanohalobacteria with Halobacteriales (Narasingarao et al.
2012).

Alternatively, it may be hypothesized that these fused pri-
mases have replaced the original primase via horizontal gene
transfer among these lineages, possibly through related inte-
grative elements. Fused DNA primases might be frequent in
integrative elements, as suggested by the DNA polymerase/
primase recently highlighted in the plasmid pTN2 from
Thermococcus nautilus (Soler et al. 2010) that harbors a similar
PriS/PriL fusion. However, we observe that this fused primase
displays no sequence similarity with the primases of nanosized
archaea, indicating an independent origin. Moreover, organ-
isms belonging to nanosized lineages thrive in very different
environments (hyperthermophilic [Huber et al. 2002], extreme
halophilic [Narasingarao et al. 2012], or extreme acidic [Baker
et al. 2006]), making the hypothesis of a horizontal gene

transfer puzzling. Undoubtedly, more data are needed to clar-
ify the issue and further understand the diversity and evolu-
tionary history of these fascinating lineages.

Acquisition of Bacterial DNA Gyrase: When and How
Many Times?

To resolve topological conflicts arising during replication,
archaea use a TopoVI that relaxes both positive and negative
supercoils. Previous phylogenetic analysis has indicated that
bacterial-like DNA gyrases were acquired in a number of eur-
yarchaeota through horizontal gene transfer (Forterre et al.
2007). Because bacterial DNA gyrases actively introduce nega-
tive DNA supercoiling, this transfer event likely had a signifi-
cant impact, changing the overall genome topology and all
associated cellular processes, such as the pattern of gene ex-
pression (Forterre et al. 2007; Forterre and Gadelle 2009). In
most of these euryarchaea, DNA gyrase now coexists with the
endogenous TopoVI. In contrast, Thermoplasmatales have lost
their original TopoVI and now must solely rely on DNA gyrase
for replication and chromosome decatenation (Forterre et al.
2007; Forterre and Gadelle 2009). With the availability of an
expanded taxonomic sampling covering more euryarchaeal
diversity, we sought to address the timing and number of
events that introduced DNA gyrase into this phylum.
Consistent with previous reports, we found both DNA
gyrase subunits in all genomes from the orders
Archaeoglobales, Methanosarcinales, and Halobacteriales
(Bergerat et al. 1997; Forterre et al. 2007; Berthon et al.
2008; Forterre and Gadelle 2009). We also identified both
subunits in all analyzed genomes of the orders
Methanomicrobiales and Methanocellales (which together
with Methanosarcinales form the methanogen class Il), as
well as in DHEV2, uncultured marine group I, and Ca.
Micrarchaeum acidiphilum ARMAN 2 (fig. 2; supplementary
table S1, Supplementary Material online).

Given that these lineages form a late emerging monophy-
letic cluster in the archaeal phylogeny, and that DNA gyrase is
most likely rarely acquired because of its biological conse-
guences, we speculated that this horizontal gene transfer oc-
curred only once at the base of this group. Albeit not
completely resolved, a phylogenetic tree of concatenated
large and small DNA gyrase subunits shows that archaeal se-
quences form a monophyletic cluster (fig. 7) supporting a
single acquisition of DNA gyrase in these archaea via horizon-
tal gene transfer from an unidentified bacterium. The uncul-
tured marine group Il is an exception and likely represents an
independent horizontal transfer. However, the weak phyloge-
netic signal makes this monophyletic group very unstable,
as it can be broken up in two clusters depending on the bac-
terial taxonomic sampling used (not shown). In this case, one
cluster corresponds to Halobacteriales and Methanogens class
Il, and the other to Thermoplasma/DHEV2/Archaeoglobales/
ARMAN-2. This would indicate that two independent
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Fic. 7.—Bayesian phylogeny of a concatenation of archaeal DNA gyrase small and large subunits and a selection of bacterial homologs (1,083 amino
acid positions). The tree was calculated by MrBayes (MIX model + gammad). The scale bar represents the average number of substitutions per site. Supports
at nodes indicate posterior probabilities. Colors correspond to archaeal orders according to those used in figure 2. The tree is collapsed for clarity. See
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horizontal gene transfers from bacteria are at the origin of
DNA gyrases in the two groups of archaea. However, we
speculate that the second transfer would have been possible
only because the newly introduced DNA gyrase replaced an
already present bacterial-type enzyme. The two alternative
scenarios (a single transfer or two successive transfers)
remain possible, as statistical tests showed that the data do
not reject either of the two topologies (P> 0.48 for all tests,
see Materials and Methods for details).

DNA gyrase is likely essential in all species that harbor it,
suggesting that it may be difficult to lose this enzyme once
acquired. We could not find any homologs of DNA gyrase in
the genomes of Nanohaloarchaea nor of ARMAN-4 and
ARMAN-5 (fig. 2). This may be consistent with an emergence
of these lineages prior to the alleged first horizontal gene
transfer introducing DNA gyrase in the Thermoplasma/
DHEV2/Archaeoglobales’/ARMAN-2.

DNA Replication Proteins Harbor a Robust Signal for
Archaeal Phylogeny

Fourteen core DNA replication orthologs present in more than
60% of the taxa (PriS, MCM, PCNA, Cdc6/Orc1, DPL, DPS,
PolB, TopoVI-A, TopoVI-B, RFC-s, RFC-I, RNaseH, DNA ligase,
and FEN-1) were concatenated into a large supermatrix of
4,295 amino acid positions from 129 complete or nearly com-
plete archaeal genomes (keeping only one genome per spe-
cies, see Materials and Methods). The amount of missing data
from the concatenation was analyzed, and except for phyla or
orders displaying specific losses or absences (e.g., both small
and large subunits of PolD absent in all Crenarchaeota) there
are no specific species that are underrepresented (supplemen-
tary fig. S2, Supplementary Material online). The phylogeny
obtained from this supermatrix (fig. 8) is highly consistent with
the previous archaeal phylogenies inferred from transcription
and translation components (Matte-Tailliez et al. 2002;
Brochier et al. 2004, 2005; Brochier-Armanet et al. 2011).
The monophylies of Crenarchaeota, Euryarchaeota,
Korarchaeota, and Thaumarcheaota are all recovered with
strong support as well as those of all major orders.
The phylogeny solidifies the clustering of uncultured
marine group Il and the DHEV2 representative with the
Thermoplasmatales (Brochier-Armanet et al. 2011) and the
monophyly of Methanogens class | (i.e., Methanopyrus
kandleri + Methanobacteriales + Methanococcales) (Bapteste
et al. 2005). The robust monophly of Thaumarchaeota and
Aigarchaeota observed in the replication tree is in agreement
with the proposal that Aigarchaeota represent an early emerg-
ing thaumarchaeotal lineage (Brochier-Armanet et al. 2011).
Other important points that should be underlined are 1) the
emergence of Acidilobus within Desulfurococcales, which re-
futes the recent proposal of the new order Acidilobales
(Prokofeva et al. 2009); 2) the clustering of Halobacteriales
with Methanogens class Il, with a specific grouping of

Methanomicrobiales and Halobacteriales; 3) the grouping of
Methanogens class Il + Halobacteriales with Archaeaoglobales
and Thermoplasmatales (fig. 8).

A few differences were observed between the replication
phylogeny and the previous trees based on ribosomal proteins
(Brochier-Armanet et al. 2011). For example, the robust
monophyly of Methanogens class | and Thermococcales, the
grouping of Korarchaeota with Thaumarchaeota, and the
early emergence of Methanocellales within Methanogens
class 1l (fig. 8). Finally, all of the nanosized archaea
(Nanoarchaeota, ARMAN-5, ARMAN-4, and the three
Nanohaloarchaea), except for ARMAN-2, form a monophy-
letic clade that emerges after the divergence of
Thermococcales and Methanogens class | (fig. 8).
Considering the very fast evolutionary rate of these lineages,
it cannot be excluded that this grouping is due to a tree re-
construction artifact. To test this possibility, we created several
versions of the concatenated dataset containing different
combinations of taxa (i.e., we removed all nanosized lineages
from the concatenation and reintroduced them one by one)
and we recoded the amino acid supermatrix using Dayhoff 6
and Dayhoff4 recoding schemes, a procedure known to alle-
viate certain artifacts due to fast evolutionary rates (Delsuc
et al. 2005). However, no major differences were observed.

Discussion

Dynamic History of a Key Cellular System

Through our precise identification and phylogenetic analysis of
core replication components, we reconstructed the global
evolutionary history of the DNA replication machinery in
Archaea. In particular, we inferred the presence of a complete
and modern type machinery in the LACA (table 1). The LACA
would have harbored two Cdc6/Orc1 paralogs, two GINS
paralogs (GIN23 and GIN51), and one homolog each of the
MCM helicase, the sliding clamp PCNA and its loader RFC
with both subunits, the polymerase PolB, the archaeal primase
with both subunits, the Okazaki fragment processing flap en-
donuclease Fen1 and RNaseH II, the ATP-dependent DNA
ligase, and the topoisomerase Topo VI with both subunits.
Although the involvement of DnaG in replication is dubious,
this protein must have an important and conserved role be-
cause it is universally present in archaea. Moreover, the phy-
logeny is robustly supported and is strikingly consistent with
the archaeal species tree (not shown). This indicates that the
presence of DnaG in archaea is not due to horizontal gene
transfer from bacteria but instead was harbored by the LACA
and was subsequently strictly vertically inherited up to present.
For the few remaining components (PolD, SSB, and RPA1),
their presence in the LACA strongly depends on the root of
the archaeal tree, which is presently unclear (Brochier-
Armanet et al. 2011; table 1). TopolB represents a special
case because its presence in LACA relies on whether
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Table 1

Inferred Components of DNA Replication in the LACA and in the Ancestor of Each Major Phylum

LACA Thaumarchaeota/Aigarchaeota

Korarchaeaota

Crenarchaeota

Euryarchaeota

Cdc6/0rc1-1
Cdc6/0rc1-2

Cdc6/0rc1-1
Cdc6/0rc1-2

Cdc6/0rc1-2

MCM MCM MCM
GINS51 GINS51 GINS51
GINS23 GINS23 GINS23
RPA1 RPA1

SSB SSB

PolB (X2) PolB (X2) PolB
PolD-L/S DP-L/S
RFC-S/L RFC-S/L RFC-S/L
PCNA PCNA (X2) PCNA
Pri-S/L Pri-S/L Pri-S/L
RNaseH I RNaseH Il RNaseH Il
FEN-1 FEN-1 FEN-1

ATP DNA ligase ATP DNA ligase ATP DNA ligase
TopoVI-A/B TopoVI-A/B TopoVI-A/B

Cdc6/0rc1-1
Cdc6/0rc1-2

Cdc6/0rc1-1
Cdc6/0rc1-2

MCM MCM
GINS51 GINS51
GINS23 GINS23
RPA1 RPA1

SSB SSB

PolB PolB
PolD-L/S PolD-L/S
RFC-S/L RFC-S/L
PCNA PCNA
Pri-S/L Pri-S/L
RNaseH Il RNaseH Il
FEN-1 FEN-1

ATP DNA ligase ATP DNA ligase
TopolV-A/B TopoVI-A/B
TopolB TopolB

Root-dependent components
Thaumarchaeota/”Aigarchaeota” — PolD-L/S, RPA, SSB, TopolB
Korarchaeota — PolD-L/S, RPA, SSB
Crenarchaeota — SSB
Euryarchaeota — PolD-L/S, RPA

Note.—Additional components that would have been present in the LACA according to a rooting in each of the four major phyla are indicated. Components shown in

bold have homologs in eukaryotes and those shown in gray are root dependent.

Archaea and Eukaryotes are sister lineages, a currently unset-
tled matter (see below).

The core components inferred in the ancestor of each
phylum are overall very similar (table 1). Major differences
appear most evident in the ancestor of Crenarchaeota, with
a number of specific characters such as the presence of at
least two PCNA and PolB paralogs, the absence of PolD,
and the presence of SSB but not RPA. The subsequent evolu-
tionary history of the DNA replication machinery appears very
dynamic. In particular, the absence in any present day lineage
of a component inferred to have been present in the LACA
has to be interpreted as a consequence of gene loss. We ob-
served many independent gene losses frequently involving
one of two ancestral paralogs, for example, Cdc6/Orc1 and
GINS. A similar phenomenon of gene loss has been observed
in archaeal ribosomes, which appear to have experienced in-
dependent losses of components in different lineages
(Desmond et al. 2010; Yutin et al. 2012), as well as on a
global genomic scale (Csuros and Miklos 2009). Our results
are therefore consistent with a growing consensus on a com-
plex LACA (Makarova et al. 2007; Csuros and Miklos 2009;
Wolf et al. 2011).

However, there is not a unique trend toward gene loss in
regard to the replication machinery. We highlighted the oc-
currence of a number of component accretions throughout
archaeal diversification. Examples are the multiplication of
RPA copies in Euryarchaeota and the expansion of the

MCM family in Methanococcales. These are both due to
gene duplication of core components and acquisition of
additional shell components from extrachromosomal ele-
ments. Some of these events also led to increased complex-
ity of multiprotein machineries involved in replication. For
example, whereas most archaeal RFC are composed of
four identical RFC small subunits (RFC-S) and one RFC
large subunit (RFC-L) (Barry and Bell 2006), some species
contain two RFC-S homologs (RFC-S1 and RFC-S2). In
these cases, three RFC-S1 subunits and one RFC-S2 subunit
assemble with RFC-L to form the pentameric RFC complex
(Chen et al. 2005). Similarly, Crenarchaeota contain two or
three copies of PCNA that have arisen from gene duplica-
tion and form a heterotrimeric structure in which each sub-
unit has specific binding functions to different replication
proteins (Grabowski and Kelman 2003; Barry and Bell
2006). It is noteworthy that, according to current knowl-
edge, these accretions of components in multisubunit com-
plexes appear to be due to gene duplication rather than
integration of shell components or horizontal gene transfer.
However, it will be very interesting to study if extra copies
arising from integrative elements may, in some instances,
replace the native component or integrate complexes
made of core components.

As opposed to the high dynamics of shell components,
horizontal gene transfers involving core components appear
to be relatively rare. A few cases can been seen which are
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consistent with known exchanges amongst archaea thriving in
the same environments such as from Crenarchaeota to
Thermoplasmatales. Moreover, we show that horizontal
gene transfer events involving bacterial replication compo-
nents, albeit rare, have occurred during archaeal diversifica-
tion. For example, other than the previously discussed case of
DNA gyrase, we observed a single horizontal gene transfer
introducing a bacterial-type NAD + -dependent DNA ligase
in the ancestor of Halobacteriales (not shown), which may
have in some cases replaced the native archaeal/eukaryal
ATP- dependent DNA ligase (fig. 2; supplementary table S1,
Supplementary Material online).

Why So Many DNA Replication Components in
Extracellular Elements?

An evident phenomenon affecting archaeal DNA replication is
the presence of many divergent extra copies particularly those
involved in the first steps of replication, such as Cdc6/OrcT,
MCM, RPA1, and PolB (fig. 2). Moreover, different archaeal
viruses, proviruses, and plasmids are known to encode homo-
logs of Cdc6/Orc1 and MCM (Pagaling et al. 2006; Yamashiro
et al. 2006; Krupovic, Forterre, et al. 2010). Similarly, an ar-
chaeal homolog of eukaryotic Ctd1 called WhiP was recently
identified in the integrative element that contributed the third
origin of replication in Sulfolobales (Robinson and Bell 2007).
Precise identification of all extra copies of replication compo-
nents that reside in integrative elements in archaeal genomes
requires extensive work and is beyond the scope of this article.
Nevertheless, our study strongly suggests that extrachromo-
somal elements have had an impact on the evolution of the
archaeal DNA replication machinery and actively modeled its
composition, both by picking up and transferring components
to and from cellular genomes. Considering the small number
and taxonomic coverage of viral sequences presently available
in public databases (supplementary table S3, Supplementary
Material online) our analysis suggests that the world of ar-
chaeal extrachromosomal entities may be particularly enriched
in genes encoding for replication proteins. Moreover, the pres-
ence of highly divergent and related components in
Thermococcales and Methanococcales, such as their DNA pri-
mase and the RPA three-gene cluster, may indicate potential
avenues of gene sharing through a common pool of plasmids
and viruses (Soler et al. 2010).

Archaeal plasmids and viruses rarely encode components
of the transcription machinery and, to our knowledge, no
translation components. The targeting of DNA replication by
virus/plasmid entities to hijack the host machinery provides a
strong advantage and is a well-known phenomenon.
However, it is much less known that, upon viral/plasmid inte-
gration, many DNA replication proteins of extrachromosomal
origin became residents (either transient or permanent) of cel-
lular genomes. This can confuse the phylogeny of these pro-
teins if the difference between real and false cellular genes is

not correctly assessed. Finally, it will be interesting to carry out
a similar global analysis in Bacteria and Eukaryotes to under-
stand whether this phenomenon is particularly evident in the
Archaea or is a more general trend.

An Archaeon at the Origin of Eukaryotes?

A recent analysis inferred the core DNA replication compo-
nents in the last eukaryotic common ancestor (Aves et al.
2012). Aves et al. predicted that LECA (the Last Eukaryotic
Common Ancestor) would have possessed all of the compo-
nents that we have inferred in the archaeal ancestor, with the
exclusion of PolD (table 1). This is coherent with the classical
scenario indicated by ancient paralogous protein pairs where
Archaea are a sister lineage to Eukaryotes (Gogarten et al.
1989; Iwabe et al. 1989; Gribaldo and Cammarano 1998).
In contrast, recent analyses support the emergence of
Eukaryotes from within the archaeal radiation (Cox et al.
2008; Foster et al. 2009; Guy and Ettema 2011; Williams
et al. 2012; Alvarez-Ponce et al. 2013; Lasek-Nesselquist
and Gogarten 2013). In particular, a deep branching within
a cluster composed of Thaumarchaeota, Aigarcharchaeota,
Korarchaeota, and Crenarchaeota seems to be predominant,
and would be consistent with an apparent enrichment of eu-
karyotic-like characters in these phyla with respect to
Euryarchaeota (Guy and Ettema 2011).

Unfortunately, archaeal DNA replication components are
very divergent from their eukaryotic homologs, preventing
the reconstruction of reliable phylogenies to test the evolu-
tionary relationship between these two domains of life.
Nonetheless, our reconstruction of the evolution of the DNA
replication machinery along archaeal diversification sheds new
light on this issue. The absence of eukaryotic core components
from the replication machinery of the ancestor of a given ar-
chaeal lineage would exclude the emergence of eukaryotes
from one of its members (unless invoking an extremely unpar-
simonious scenario where the component was independently
lost in all members of the lineage but only kept in the one that
would have given rise to eukaryotes). By this rationale, we can
exclude the emergence of eukaryotes from within the radia-
tion of any of the major archaeal phyla. For example, the lack
of GINS 23 and SSB in the ancestor of Euryarchaeota (table 1)
would exclude an emergence of Eukaryotes from within this
phylum. Similarly, the absence of RPA in the ancestor of
Crenarchaeota would also exclude an emergence of
Eukaryotes from within the radiation of this phylum.
Furthermore, an origin of Eukaryotes from within
Crenarchaeota also seems unlikely given the presence of a
peculiar heterotrimeric PCNA derived from an ancestral
homotrimeric structure. In this situation, the complex would
have reverted back into the homo-trimeric form observed in
present day eukaryotes, an improbable scenario. Among the
four major archaeal phyla, none seem to be particularly en-
riched in characters shared with Eukaryotes, perhaps with the
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exception of Thaumarchaeota (table 1). However, this kind of
argument should not be used to infer a specific evolutionary
link between Eukaryotes and Thaumarchaeota. In fact, gene
loss appears to be a common process that has substantially
affected DNA replication, along with many other cellular pro-
cesses during the diversification of Archaea.

Irrespective of the different evolutionary scenarios for the
origin of eukaryotes, our study indicates that the ancestral
replication machinery of these two domains of life was very
similar (table 1). Therefore, our analysis provides a key starting
point for understanding the subsequent evolutionary history
of the eukaryotic DNA replication machinery. For example,
specific gene duplications would have occurred in the eukary-
otic ancestor giving rise to paralogous components such as
MCM(2-7) and GINS (SId5, Psf1, Psf2, and Psf3), or the addi-
tion of multiple nonhomologous subunits like ORC(1-6),
RPA(70, 34, 14), and RNaseH2 (A, B, C). A few components
with homology to archaea are not involved in replication in
eukaryotes, and it can be speculated that they were reas-
signed to other cellular functions. For example, most eukary-
otes encode a homolog of the A subunit of archaeal TopoVI
called Spo11 (Bergerat et al. 1997), which is not involved in
replication but instead induces the double stand breaks that
initiate meiotic recombination (Bergerat et al. 1997; Martini
and Keeney 2002). In contrast, members of the
Archaeplastida (land plants and green, red, and glaucocysto-
phyte algae) possess homologs of both subunits (A and B) of
archaeal TopoVI, where they combine into a functional
enzyme that appears to play a role in DNA endoreduplication,
a process required for polyploidization (Hartung and Puchta
2001). The presence of both subunits in some protist lineages
such as Kinetoplastids opens up the possibility that a func-
tional TopoVI was present in the ancestor of Eukaryotes
(Malik et al. 2007), and was subsequently lost in most line-
ages. The same logic applies to the archaeal-like SSB that we
identified in representatives of most eukaryotic phyla (supple-
mentary table S4, Supplementary Material online), where it
may have an important and possibly ancestral role in (Robbins
et al. 2005; Richard et al. 2008; Shi et al. 2012).

On the other hand, a few of the core components of eu-
karyotic DNA replication are not present in Archaea and there-
fore would have arisen specifically in the lineage leading to
Eukaryotes. This is the case of DNA pol-o and the B-subunit of
the primase complex, topoisomerase IIA, and the FACT com-
plex (Aves et al. 2012). The emergence of DNA pol-u. is parti-
cularly fascinating. In Bacteria and Archaea the RNA primer is
directly extended by the main replicative DNA polymerase, but
in Eukaryotes Pol-o adds 10-30 nt DNA stretches to the RNA
primer, and only then does the complex hand-off to the main
replicative DNA polymerase (DePamphilis and Bell 2010).
These 10-30 nucleotides therefore need to be removed
during Okazaki fragment maturation (Stillman 2008), raising
the question of the origin of this polymerase (Forterre 2013).
The future availability of both genomic and experimental data

from a larger fraction of eukaryotic diversity will surely allow a
better understanding of the diversity and evolutionary history
of DNA replication in this Domain of Life.

Finally, further exploration of diversity and function of ar-
chaeal replication may uncover unsuspected links with their
eukaryotic cousins. It is not excluded that some of these com-
ponents/functions were ancestrally present in the Archaea and
subsequently lost.

Increasing the Conserved Phylogenomic Core for
Archaea

In the past, we have shown that the components of the tran-
scription and translation machineries contain a consistent and
robust phylogenetic signal that reflects the history of archaeal
diversification (Brochier et al. 2005; Gribaldo and Brochier-
Armanet 2006; Gribaldo and Brochier 2009). The third
major informational system that remained to be analyzed
was the DNA replication machinery. However, the complex
evolutionary history of DNA replication components and the
occurrence of multiple highly divergent copies of unclear
origin rendered the application of phylogenomic approaches
to this cellular machinery particularly challenging. Our precise
identification of orthologs has now made it possible to per-
form such analysis, and indeed, archaeal DNA replication car-
ries a robust phylogenetic signal that is largely consistent with
that of the two other informational systems. Moreover, recon-
structing the evolution of DNA replication brings novel infor-
mation to the archaeal phylogeny. It consolidates important
relationships such as Aigarchaeota as a sister lineage of
Thaumarchaeota, and the monophyly of Methanogens class
I. The clustering of Thermococcales and Methanococcales
merits further study, because it is not apparent in trees
based on ribosomal proteins or transcription components
(Matte-Tailliez et al. 2002; Brochier et al. 2004, 2005;
Brochier-Armanet et al. 2011) but is in agreement with
some common peculiarities in their replication machinery
(see above). Therefore, this relationship in the tree based on
replication components may reflect a bias introduced by unde-
tected independent transfers from related mobile elements,
viruses, and/or plasmids. The phylogenetic placement of nano-
sized archaea remains unclear. Their grouping in our trees may
indicate common ancestry, but only partially supports the re-
cently proposed DPANN cluster (Rinke et al. 2013). In fact, one
member of the ARMANS (Ca. Micrarchaeum acidiphilum
ARMAN-2) does not cluster with the other nanosized line-
ages, consistent with the analysis of ribosomal proteins
(Brochier-Armanet et al. 2011). This is congruous with a
number of additional observations: the absence of a fused
primases (figs. 2 and 6), the presence of bacterial DNA
gyrase (figs. 2 and 5), the presence of an SSB with an N-
terminal tail (figs. 2 and 5; supplementary fig. ST,
Supplementary Material online), and the absence of RPA.
Targeted phylogenomic analyses combined with novel
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genomic data from these peculiar lineages will bring impor-
tant insights into this issue.

It is important to highlight that a detailed analysis such as
ours allows for the identification of novel phylogenetic mar-
kers that would most likely be discarded by more automated
analyses. A commonly used approach to build concatenated
data sets for phylogenetic analysis is to choose genes present
in a single copy in all (or nearly all) genomes to avoid problems
arising from a mixture of orthologs and paralogs. Such a strat-
egy drastically reduces the number of usable markers, espe-
cially when dealing with deep evolutionary relationships. In
addition, this type of strategy biases our understanding of
prokaryotic evolution, by underrepresenting vertical inheri-
tance (tree-like process) with respect to horizontal gene trans-
fers (net or forest-like process) (Dagan and William Martin
2006). Had we applied such strategy, we would have essen-
tially discarded all replication components. Instead, we have
shown that reliable phylogenetic information can be extracted
even from proteins that are not universally distributed or exist
in multiple paralogs—allowing the tree to appear from the
forest. Even if a strict core of vertically inherited genes might
be limited, our results clearly demonstrate the existence of a
soft core of cellular components involved in different pro-
cesses whose genes have similar histories and can therefore
be used to trace back the evolutionary relationships among
the organisms that carry them (Gribaldo and Brochier-
Armanet 2006; Gribaldo and Brochier 2009). It is likely that
this soft phylogenomic core is much richer than usually
assumed.

Conclusions

The emergence of novel techniques grants rapid access to an
ever-wider fraction of microbial diversity, both from a genomic
and functional point of view. In this context, the integration of
evolutionary studies will be of primary importance, not only to
provide key information for experimental work but also to
uncover general trends in the global evolutionary history of
the largest fraction of the biosphere.

Supplementary Material

Supplementary figures S1 and S2 and tables S1-S4 are avail-
able at Genome Biology and Evolution online (http:/Avww.
gbe.oxfordjournals.orgy/).
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