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Abstract

Mimivirus is one of the most complex and largest viruses known. The origin and evolution of Mimivirus and other giant
viruses have been a subject of intense study in the last two decades. The two prevailing hypotheses on the origin of
Mimivirus and other viruses are the reduction hypothesis, which posits that viruses emerged from modern unicellular
organisms; whereas the virus-first hypothesis proposes viruses as relics of precellular forms of life. In this study, to gain
insights into the origin of Mimivirus, we have carried out extensive phylogenetic, correlation, and multidimensional
scaling analyses of the putative proteins involved in the replication of its 1.2-Mb large genome. Correlation analysis and
multidimensional scaling methods were validated using bacteriophage, bacteria, archaea, and eukaryotic replication
proteins before applying to Mimivirus. We show that a large fraction of mimiviral replication proteins, including poly-
merase B, clamp, and clamp loaders are of eukaryotic origin and are coevolving. Although phylogenetic analysis places
some components along the lineages of phage and bacteria, we show that all the replication-related genes have been
homogenized and are under purifying selection. Collectively our analysis supports the idea that Mimivirus originated
from a complex cellular ancestor. We hypothesize that Mimivirus has largely retained complex replication machinery
reminiscent of its progenitor while losing most of the other genes related to processes such as metabolism and
translation.

Key words: DNA replication, Mimivirus, giant viruses, evolution, phylogenetic, correlation analysis, MDS, coevolution,
HGT, evolutionary selection, purifying selection, phylogenetic trees, NCLDVs, HGT, LUCA, LUCELLA.

(Shackelton and Holmes 2004; Boyer et al. 2010; Koonin,
Dolja, et al. 2015; Koonin and Yutin 2018) with some studies
suggesting viral genes as a source of the cellular replication
machinery (Villarreal and DeFilippis 2000; Forterre 2002).
Although some viruses depend on their hosts for genome
replication (Gelderblom 1996), viruses with large genomes
like Mimivirus code for most of the informational proteins
and can replicate their genomes independently (Raoult et al.
2004; Kazlauskas et al. 2016). Replication proteins of DNA
viruses exhibit far more diversity between them than their
hosts (Kazlauskas et al. 2016).

The origin and evolution of giant viruses are areas of in-
tense research and several hypotheses have been proposed.
As per some studies, either the viral world existed before the
LUCA (Forterre and Prangishvili 2013), or viruses evolved
from their cellular hosts by reductive evolution (Claverie
2006; Nasir et al. 2012a; Nasir and Caetano-Anollés 2015).
Another study proposes to place viruses in the tree of life

Introduction

DNA replication is a highly complex and tightly regulated
process. It plays a quintessential role in the transmission of
genetic information from one generation to the next.
Although the overall process of replication is conserved, rep-
lication, and error incorporation rates vary significantly be-
tween domains of life and viruses; and are linked to fitness
and evolvability (Drake et al. 1998; Leipe et al. 1999; Loh et al.
2010; Lynch et al. 2016). The comparative genomics of pro-
teins involved in DNA transcription and translation processes
have shown that they are ubiquitous and conserved in all
domains of life, whereas those involved in DNA replication
are diverse (Leipe et al. 1999; Koonin 2003). Although DNA
replication mechanisms exhibit substantial functional similar-
ities, proteins involved in the bacterial and archaeal-
eukaryotic machinery share less homology suggesting inde-
pendent evolution from the last universal common ancestor
(LUCA) (Leipe et al. 1999; Koonin 2003).

The discovery of giant viruses, their comparative genomics,
and structural studies have further shed light on their role in
the evolution of DNA replication machinery (Forterre 2006).
Different theories on the origin of viruses have been proposed

as a fourth domain and classified them as TRUC (things
resisting uncompleted classification) (Boyer et al. 2010;
Raoult 2013). A few studies have also suggested that the large
DNA viruses evolved by host gene capture and gene
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Table 1. Core Proteins of the DNA Replication Machinery of Bacteriophage (T4), Bacteria (E. coli), archaea, eukaryotes, and Mimivirus.

Function Protein Bacteriophage Bacteria Archaea Eukaryotes Mimivirus
Recognition of or-  Origin binding — DnaA Orc1 Orc1-6 gp1
igin of protein
replication
Unwinding of du-  Helicase gp41 DnaB MCM MCM2-7 gp229, gp8, gp612,
plex DNA helix gp635, gp132
Helicase loader gp59 DnaC Cdc6 Cdc6, Cdt1 —
Accessory — — GINS15, GINS23  SId5, Psf1, Psf2, —
proteins Psf3, Cdc45
Stabilization of SSBP gp32 SSBP RPA RPA70, RPA32, gp544
unwound tem- RPA14
plate strands
RNA primer Primase gp61 DnaG PriL, PriS Polx (A, B) gp577, gp857, and
synthesis DnaG* Primase (Prim1, gp229, gp8
Prim2)
DNA synthesis Polymerase gp43 Pol «, Pol ¢, Pol 0 PolB1, PoID® Pol 6 (PolD1, gp351
PolD2, PolD3,
PolD4), Pole (A,
B, C)
Polymerase proc- Sliding clamp gp45 p PCNA, PCNA3 PCNA gp532, gp886,

essivity factor gp124
Clamp loader gp44, gp62 6,0, Y, 1ty RFCL, RFCS RFC 1-5 gp549, gp513,
gp425, gp441,
gp538
Joining Okazaki Ligase gp30 LigA Ligl Ligl gp331
fragments
Positive supercoil Topoisomerase gp52, gp39, gp60  Gyrasea, Gyrasefs Topol Topo |, Topoll gp243, gp515,

removal ahead (Topoll)
of replication
fork

Removal of RNA RNase Hl RNase H1 RNaseHI
primers

gp216

FEN1, RnaseH1 FEN1, RNaseH1 gp371, gp326,

gp417

?Present in only crenarchaea.
PPresent in all phyla except crenarchaea.

duplications events (Shackelton and Holmes 2004; Moreira
and Brochier-Armanet 2008). Furthermore, recent studies
have suggested that the large DNA viruses might have orig-
inated from small viruses with the acquisition of genes from
eukaryotic hosts and other cellular organisms by horizontal
gene transfer (HGT) (Koonin, Krupovic, et al. 2015; Koonin
and Yutin 2018).

In this study, we have carried out the coevolutionary anal-
ysis of the putative components of the Mimiviral replication
machinery to gain insights into its complexity and evolution-
ary origins. We also analyzed the correlation coefficient-based
similarity matrix by multidimensional scaling analysis (MDS)
to establish the network of coevolving proteins in Mimivirus
by comparative analysis (Yin and Yau 2017). We have per-
formed correlation and MDS analysis of DNA replication
proteins from bacteriophage T4, Escherichia coli, partially
characterized replication machinery of archaeon Aeropyrum
pernix, and a set of highly conserved and interacting subunits
of eukaryotic proteins (table 1) to validate the method. Our
analyses of the mimiviral replication-related proteins show no
evidence of recent HGTs, and that all the genes are under
purifying selection. Based on the cues from phylogenetic, co-
evolution, and genome analyses, we conclude that the

complexity of the mimiviral DNA replication machinery arose
early suggesting a reductive evolution from a complex cellular
ancestor.

Results

Mimiviral Replication Proteins Share Homology with
Eukaryotic Components

To get a comprehensive picture of the phylogenetic tenden-
cies of the mimiviral DNA replication machinery, sequence
alignments, and phylogenetic trees were generated for the
core replication proteins of Mimivirus (fig. 1). In addition to
the cellular domains, we selected phage T4 for the analysis as
both T4 and Mimivirus DNA polymerases belong to the B
family and T4 codes for minimal but complete replication
machinery (Karam and Konigsberg 2000; Raoult et al. 2004). A
set of 20 representative sequences (four each from bacteria,
archaea, eukaryotes, phage T4 family, and Mimiviridae family,
supplementary table S1, Supplementary Material online) of
replication proteins were selected as discussed in the
Materials andMethods for sequence alignment and phylog-
eny construction (fig. 1). We constructed unrooted phyloge-
netic trees in four different ways, namely maximum-
likelihood (ML), neighbor-joining (NJ), minimum evolution

2015



Patil and Kondabagil - doi:10.1093/molbev/msab003

MBE

A DNA polymerase

G Helicase

B Sliding clamp

C Clamp loader 1

Fic. 1. Phylogenetic trees of proteins from the cellular domains (eukaryotes, bacteria, archaea) and phage T4 and Mimivirus. The multiple sequence
analysis was performed by MUSCLE in MEGAG6.0 and trees are built by FastTree v.2.1. The phylogenetic trees of (A) DNA polymerase, (B) sliding
clamp, (C) clamp loader 1, (D) clamp loader 2, (E) topoisomerase IA, (F) topoisomerase I, (G) helicase, (H) ligase, and (1) SSBP are constructed using
four sequences from each domain and viral families, accession number of protein sequences used to construct trees are included in the supple-
mentary table S2, Supplementary Material online. Red, Mimiviridae (M); maroon, eukaryotes (E); green, bacteria (B); blue, T4-like phages (T);

purple, archaea (A).

(ME), and unweighted pair group method with arithmetic
mean (UPGMA) (supplementary fig. S1, Supplementary
Material online). As all the phylogenetic trees displayed the
same topology, we have shown only the trees constructed by
the ML method (fig. 1).

Although eukaryotic, archaeal, and phage DNA polymer-
ase considered in the study belong to the family B polymerase,
mimiviral polymerase showed an evolutionary relationship
with eukaryotic polymerase B rather than phage T4 polymer-
ase (fig. 1A). Further, phylogenetic trees of the sliding clamp
and two clamp loaders also exhibited similar topology
(fig. 1B-D). Mimivirus genome encodes five clamp loaders
akin to the eukaryotic replication system. The phylogenetic
analysis suggested common ancestry for mimiviral and eu-
karyotic DNA polymerase and its processivity factors.

Mimivirus encodes three topoisomerases, namely, |A
(gp243), IB (gp216), and Il (gp515). In this study, based on
their presence in all Mimiviridae family members, we have
considered only IA and Il for the analysis. Topoisomerase IA is
annotated as a bacterial-type that has not been reported in a
virus before (Raoult et al. 2004). Phylogenetic tree of topo-
isomerase |A showed that the Mimiviridae family shared a
clade with bacteria, whereas topoisomerase Il shared a clade
with eukaryotic sequences (fig. 1E and F). Though we have not

2016

carried out a phylogenetic analysis of topoisomerase IB, it was
earlier shown that the type IB topoisomerase of Mimivirus is
functionally homologous to that of poxvirus despite their
primary structural similarity with bacteria (Benarroch et al.
2006). Thus, it appears that the mimiviral topoisomerases
have a complex evolutionary history.

Although the replicative helicase of the Mimiviridae family
and all Nucleocytoplasmic Large DNA virus (NCLDVs) is of
SF3 type associated with a primase domain of the archaeo-
eukaryotic primase (AEP) family (lyer et al. 2005; Kazlauskas
et al. 2016; Gupta et al. 2017), their counterparts in archaea/
eukaryotes and bacteria belong to SF6 and SF4 families, re-
spectively. SF4 and SF3 helicases appear to be the most abun-
dant (44% and 41%, respectively, of all replicative helicase)
among viruses (Raoult et al. 2004). SF4 helicases are encoded
mostly by phages that are homologous to E. coli DnaB or
RepA, whereas SF3 helicases are encoded by some phages
and eukaryotic viruses (Kazlauskas et al. 2016). The tree
showed a divergent topology with little inclination of mim-
iviral helicase to bacterial helicases (fig. 1G). The mimiviral SF3
helicase might have been present in an ancestral NCLDV that
was passed on vertically to all large DNA viruses.

DNA ligase is an important component of the DNA rep-
lication machinery. In the case of NCLDVs, whereas
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mimiviruses, iridoviruses, and entomopoxviruses encode
NAD-dependent ligase, other NCLDVs either encode an
ATP-dependent ligase or do not encode ligase.
Furthermore, although the NAD-dependent ligase of
NCLDVs turned out to be monophyletic, the ATP-
dependent ligases present in many other NCLDVs showed
more diversity and exhibited different phylogenetic tenden-
cies. Based on this observation, it was speculated that the
NAD-dependent ligase is ancestral to NCLDVs (Koonin and
Yutin 2010). Since our data set was restricted to mimiviruses
that code for NAD-dependent ligase, as expected, they
showed a cladistic relationship with bacteria (fig. 1H).

The presence of canonical OB-fold single-strand DNA-
binding proteins (SSBP) in Mimiviridae (gp544 in
Mimivirus) and other NCLDVs has been established by com-
putational analysis (Kazlauskas and Venclovas 2012). A phy-
logeny of SSB proteins constructed from bacterial SSBP,
archaeal, and eukaryotic replication protein A (RPA), phage
T4 gp32-like and mimiviral SSBPs showed that Mimiviridae
and phage proteins share common ancestry (fig. 1/). It was
previously reported that Mimivirus possesses a phage T7-like
SSBP (Kazlauskas et al. 2016).

The phylogenetic analysis here and reported elsewhere
(Raoult et al. 2004; Benarroch and Shuman 2006; Kazlauskas
et al. 2016) showed that the Mimivirus replication machinery
is a composite of components rooted in eukaryotic, bacterial,
and phage lineages or with their ancestor. Previous studies
have suggested the horizontal acquisition of DNA ligase by
eukaryotic DNA viruses from a bacterium (Benarroch and
Shuman 2006) that is consistent with our observation. In
addition, mimiviral topoisomerase IA which is earlier reported
as a bacterial-type forms a clade with bacteria in our phylog-
eny. Our previous analysis of the primase-helicase bifunc-
tional protein, which is one of the hallmark proteins of
NCLDVs, suggested that it might have been present in an
ancestral virus and passed on to NCLDVs by vertical transfer
(Gupta et al. 2017). Furthermore, an earlier hypothesis sug-
gested DNA viruses as a source of eukaryotic replication pro-
teins  (Villarreal and  DeFilippis  2000) including
topoisomerases IIA (Forterre and Gadelle 2009).

Out of the nine core mimiviral replication components we
analyzed, five clades with eukaryotes, whereas two with bac-
teria, one with phage and a distinct protein. Although mul-
tiple loss and gain events further complicate inferring phyletic
patterns of mimiviral replication-related proteins, our analy-
sis, when taken together, compositionally, Mimivirus replica-
tion machinery shows a strong affinity toward eukaryote-like
replication machinery.

Coevolution of the DNA Replication Machinery

Proteins that function together through direct or indirect
interactions tend to coevolve to compensate for changes in
the partner (Goh et al. 2000). DNA replication and its regu-
lation demand a series of precise interactions between its
components, and hence they tend to coevolve (Nossal
1992; Schaeffer et al. 2005). We have taken the coevolutionary
analysis approach to assess the interdependencies of

components of mimiviral replication machinery that appears
to be assembled from different sources.

Establishing Correlation/MDS Analysis as a Method to Study
Multiprotein Complexes

Since biochemistry, structure, and interactions of DNA repli-
cation machinery of bacteriophage T4 and E. coli have been
very well characterized (Nossal 1992; Schaeffer et al. 2005), we
have used these data sets as controls to validate our analysis.
We have also extended our analysis to representative eukar-
yotes and archaea. Based on the literature, we have consid-
ered 13 components of the replication machinery from T4-
like phage (fig. 2A, B and supplementary table S3,
Supplementary Material online), 22 from bacteria (fig. 2C, D
and supplementary table S4, Supplementary Material online),
18 from archaea (fig. 3A, B and supplementary table S5,
Supplementary Material online), and 25 from representative
eukaryotes (figz 3C, D and supplementary table S6,
Supplementary Material online) for the analysis. Thus, pro-
teins from phage T4, E. coli, A. pernix, and Homo sapiens were
used as seed sequences for PSI-BLAST to retrieve sequences
from the respective family of proteins (supplementary table
S2, Supplementary Material online).

The Pearson correlation coefficients were calculated from
the distance matrices generated by the multiple sequence
alignments (MSA) as described in the Materials and
Methods section and represented by correlation matrix tables
and heatmaps. The correlation coefficient (r) >0.7 suggests
functional dependency and coevolution, whereas coefficients
<0.7 represent divergence (Goh et al. 2000; Pazos and
Valencia 2001). The MDS analysis is based on the similarity
matrix of the Pearson correlation coefficients.

Phage T4. Phage T4 is one of the simple model replication
systems and has been studied extensively to understand the
DNA replication mechanism and interactions of the phage-
coded components of the replication machinery (Nossal
1992). When all the known and characterized components
of the T4 replication machinery were analyzed, the correlation
coefficients between all combinations were found to be
>0.84 (fig. 2A and supplementary table S3, Supplementary
Material online). We have also illustrated the protein—protein
interactions by correlation analysis, and correlation coeffi-
cients have been represented in two dimensions by MDS,
which show proteins with high correlation values are placed
closer to each other on the plot (fig. 2B). Distances of all phage
proteins calculated by MDS show their functional dependen-
cies and essential roles in the replication system. The group of
highly conserved proteins with indispensable functions in the
phage T4 genome replication was found to be highly
coevolving.

Escherichia coli. The complexity of replication machinery
increases with genome size. The phage T4 with a genome
of ~169 kb (Miller et al. 2003) carries a complete but a min-
imal set of proteins whereas the replication machinery of
bacteria that has a much larger genome (the size of E. coli
genome, e.g, is 4639 kb) (Blattner et al. 1997), requires the
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Fic. 2. Components of the phage T4 and bacterial replication machinery show evidence of coevolution. Coevolution of protein complexes has
been analyzed by Pearson correlation coefficient and multidimensional scaling analysis (MDS). (A) A matrix of 13 replication proteins of phage T4
with correlation coefficients shown as a heatmap and (B) the MDS analysis of the same set of proteins showing the clustering of proteins in the 2D
space. DNA polymerase (gp43), helicase (gp41), helicase loader (gp59), primase (gp61), sliding clamp (gp45), clamp loaders (gp44/gp62), SSBP
(gp32), ligase (gp30), topoisomerase (gp39, gp52, and gp60), and RNase H. (C) A correlation matrix of 22 bacterial core replication proteins
correlation coefficients displayed as a heatmap and (D) MDS analysis of the same set of proteins display distances of proteins in the 2D space. The
goodness of fit of MDS assessed by Shepard diagram (supplementary fig. S3, Supplementary Material online) and smaller Kruskal’s stress (1)
suggests the better MDS representation (supplementary table S10, Supplementary Material online).

participation of at least 30 core proteins (table 1) (Schaeffer
et al. 2005). Several interaction studies have been carried out
to gain insights into the replication process of bacteria
(Wickner and Hurwitz 1975; Maki et al. 1988; Kornberg and
Baker 1992; Lu et al. 1996; Marceau et al. 2011; Bhardwaj et al.
2018). Most bacterial replication proteins exhibit high corre-
lation coefficients with each other that support the experi-
mental evidence of interaction (fig. 2C and supplementary
table S4, Supplementary Material online). The interaction
studies of gyrases (topoisomerase Il), topoisomerase IA, and
topoisomerase IlIB with other replication proteins have not
yet been carried out but, gyrases A and B play a role in the
removal of positive supercoils ahead of the replication fork
(Champoux 2001). From our correlation analysis, topoisom-
erase | and Il were found to be coevolving with other repli-
cation proteins, whereas type lll shows less conservation,
which suggests that it may not be part of the functional
replication complex (fig. 2C).

2018

The visualization of correlation coefficient-based distan-
ces between bacterial proteins in 2D space by MDS suggests
their functional dependencies (fig. 2D). A cluster of DNA
polymerase core complex with sliding clamp and clamp
loaders of polymerase holoenzyme supports experimental
analysis, which is represented by smaller distances.
Primosome complex of DnaB and DnaG and initiator pro-
tein DnaA cluster with other proteins except for DnaB-
interacting loader DnaC. MDS analysis further suggests
that auxiliary proteins SSBPs, RNase H, and ligase are also
an integral part of the replication process. Distances in the
cluster represented in the 2D space of these proteins may
correspond to their functional role and indicate their co-
evolution. Topoisomerase Il is an outlier and shows no co-
evolution with other replication proteins. It appears that
topoisomerase Il may not take part directly in replication.

Archaea. The information system of archaea has properties of
both bacterial and eukaryotic types. We have considered
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machinery shows diversity among replication components. (A) A correlation matrix of 18 replication proteins of the archaeon is displayed as a
heatmap and (B) the MDS analysis of the same set of proteins show distances of proteins in the 2D space with scattered pattern suggesting the
diversity. The eukaryotic replication machinery components show coevolution analyzed by (C) a correlation matrix of replication proteins
displayed as a heatmap and (D) the MDS analysis of the same set of proteins showing distances of proteins in the 2D space. The goodness of
fit of MDS assessed by Shepard diagram (supplementary fig. S3, Supplementary Material online) and smaller Kruskal’s stress (1) suggests the better
MDS representation (supplementary table $10, Supplementary Material online).

Aeropyrum pernix, a crenarchaeon, as an example to under-
stand the coevolution of archaeal DNA replication proteins.
The archaeal DNA replication system is closely related to the
eukaryotic system, but the replication proteins within the
archaeal domain are highly diverse (Sarmiento et al. 2014).
Although extensive biochemical characterization of the com-
ponents of the archaeal replication machinery has not yet
been carried out, a few studies have given insights into their
functions and diversity (Cann et al. 1999; Daimon et al. 2002;
Imamura et al. 2007; Atanassova and Grainge 2008; Lang and
Huang 2015).

The archaeal replication system shows higher diversity, and
only the core proteins were found to have coevolved (fig. 3A
and supplementary table S5, Supplementary Material online).
Our analysis shows that although the minichromosome
maintenance (MCM), origin recognition complex (Orc1), po-
lymerase B (Pol1), proliferating cell nuclear antigen, PCNA1
(but not PCNA2 and PCNA3), and both large and small rep-
lication factor C (RFC) proteins have coevolved, Pol2 may not
have coevolved with this group of proteins. The SSBP

surprisingly shows no evidence of coevolution despite being
a part of the replication complex. Our analyses further show
that only topoisomerase VI is part of the replication complex
and coevolving, whereas topoisomerase | is not (fig. 3A and
supplementary table S5, Supplementary Material online).

MDS analysis (fig. 3B) further suggests that unlike phage T4
and E. coli, only some components of the archaeal system are
coevolving, which might reflect the significant mechanistic
differences in DNA replication of bacteria and archaea.
Biochemical evidence is lacking for the interaction of most
replication-related proteins of A. pernix or any other
archaeon. The MDS analysis shows that PCNA1, RFCL,
RFCS, flap endonuclease1 (FEN1), and ligase1 with PriL
form a cluster alongside MCM, Pol1, Orc1, DnaG, TopoVI
(fig. 3B).

Eukaryotes. With much larger genomes and multiple origins
of replication, the genome replication process in eukaryotes is
quite complex and different from bacteria and requires many
proteins with several subunits. For this study, we have con-
sidered a few representative subunits of the core replication
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proteins from representative eukaryotes (supplementary ta-
ble S2, Supplementary Material online). Our analysis suggests
that eukaryotic replication-related proteins are coevolving (r
~0.7 to 09) (fig. 3C and supplementary table S6,
Supplementary Material online). Most of the core replication
proteins considered for the analysis (PolaA, MCM2, RAP70,
PoleA, Topo2 o and f§ subunits, RFC1, RFC2, and Cdc45 with
MCM?7, RPA32, Pol 9, RFC3, RNase H, Cdc6, Prim1, RFC4, and
Psf2) are closely placed in the MDS plot suggesting their
functional dependencies (fig. 3D). The analysis further sug-
gests that polymerases PoloA, Pold, and Pole subunits might
have coevolved with accessory replication proteins, clamp
and clamp loaders, ligase, SSBP, and RNase H. The initiation
complex of MCM2, MCM7, Cdc6, Cdc45, Orcl, Pif2, and
Prim1, except Prim2, supports the functional conservation
and coevolution (Koonin 1993; Labib and Diffley 20071;
Zannis-Hadjopoulos et al. 2004; Frigola et al. 2017). Both topo-
isomerase |l subunits appear to coevolve with the rest of the
components (fig. 3D).

In sum, coevolutionary analysis is consistent with experi-
mental findings and can be used as a tool to gain insights into
the makings of large uncharacterized complexes such as the
replication machinery of Mimivirus.

Applying the Established Method to Mimiviridae Proteins
For the coevolution analysis, we have considered a set of 15
viruses of the Mimiviridae family representing all subfamilies
and lineages including Klosneuvirinae, except subfamily Il as
viruses of this subfamily do not carry all the genes required for
genome replication (supplementary table S7, Supplementary
Material online).

At least 21 of the annotated mimiviral proteins appear to
play a role in DNA replication (supplementary table S8,
Supplementary Material online). Except for DNA ligase and
topoisomerase IB, none of the other proteins in supplemen-
tary table S8, Supplementary Material online, have been char-
acterized (Benarroch and Shuman 2006; Benarroch et al.
2006). For the analysis, we have not considered the stand-
alone primases, gp577 and gp857 as biochemical characteri-
zation showed that mimiviral gp577 is a primase-polymerase
(PrimPol) that is involved in repair rather than replication and
gp857 appears to be a paralog of gp577 (Gupta et al. 2019).
We have also not considered topoisomerase IB (gp216) and
one of the PCNAs (gp124) as they are absent in some viruses
of the Mimiviridae family. We have taken a putative nuclease
(gp456) of unknown function as a negative control for the
correlation and MDS analysis.

Two of the NCLDV core proteins, DNA polymerase
(gp351) and D5-like primase-helicase bifunctional protein
(gp299), returned an r of 0.911 (fig. 4A and supplementary
table S9, Supplementary Material online) indicating coevolu-
tion with other replication proteins. Furthermore, a high cor-
relation coefficient (r > 0.95) of DNA polymerase with PCNA
(gp532) and RFCs (gp549 and gp441) and an intermediate r
(0.63-0.73) with the other PCNA (gp886) and RFCs (gp425,
gp513, and gp538) were observed (fig. 4A and supplementary

2020

table S9, Supplementary Material online). The correlation
coefficients among PCNA, gp532, and RFCs gp549 and
gp441 were also significant (supplementary table S9,
Supplementary Material online). The PCNA (gp886) and
RFCs (gp425, gp513, and gp538) showed comparatively lesser
r with DNA polymerase, among themselves and with the
proteins of the gp532/gp549/gp441 complex. In terms of re-
latedness and overall configuration, the DNA replication sys-
tem of Mimivirus seems to share more similarities with
archaea/eukaryotes than bacteria.

The SSB protein gp544, which is thought to be derived
from phage (Kazlauskas and Venclovas 2012), also exhibited a
high correlation coefficient with DNA polymerase and proc-
essivity factors (gp532/gp549/gp441) (supplementary table
S9, Supplementary Material online). Both RNase H proteins
(gp371 and gp326) and FEN1 (gp417) appear to have
coevolved with DNA polymerase and ligase1 (gp331).
Topoisomerase | (gp515) and Il (gp253) that are conserved
in the Mimiviridae family returned significant correlation
coefficients with other proteins (fig. 4A and supplementary
table S9, Supplementary Material online). Mimivirus codes for
4 DNA helicases (gp8, gp612, gp635, and gp132) belonging to
either SF1 or SF2 families. Interestingly, all of them, except
gp8,exhibited significant correlation coefficients suggesting
their coevolution with other replication proteins (supple-
mentary table S9, Supplementary Material online).
Although these are putative helicases, they might play a
role in replication as well as repair (Fridmann-Sirkis et al.
2016).

We have identified a group of proteins represented by
small distances in the space that includes D5 primase-
helicase (gp299), DNA polymerase (gp351), SSBPs (gp544),
PCNA (gp532), RFC (gp549, gp441), ligase (gp331), FEN1
(gp417), RNase H (gp371 and gp326), topoisomerase | and
Il (gp515, gp253), and helicases (gp635, gp612, and gp132)
(fig. 4B). The second PCNA homolog (gp886) and RFC homo-
logs (gp425, gp513, gp538) are represented on the MDS plot
by larger distances (fig. 4B). Two proteins, namely, gp1 and
gp8, are annotated as a putative origin binding protein and a
putative helicase, respectively. The correlation analysis and
MDS representation suggest that these two proteins might
not be coevolving with the mimiviral replication complex
(fig. 4A and B).

We also constructed phylogenetic trees of mimiviral pro-
teins such as gp351, gp229, gp515, gp243, gp532, gp441,
gp549, gp331, gp544, and gp1 proteins from the same data
set used for the correlation analysis (fig. 4C, accession num-
bers are given in supplementary table S11, Supplementary
Material online). The topology of each tree, except gp1,
showed a cophylogenetic mirror pattern which agrees with
coevolutionary studies carried out by correlation and MDS
analyses.

As we have shown that the replication complex of
Mimivirus is coevolving with few exceptions, we extended
the coevolutionary study to putative proteins involved in
other essential DNA processes. We considered putative pro-
teins involved in DNA repair (gp389: putative DNA mismatch
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Fic. 4. Components of the Mimiviridae replication machinery show evidence of coevolution. (A) A matrix of 21 replication proteins of Mimivirus
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The goodness of fit of MDS assessed by Shepard diagram (supplementary fig. S3, Supplementary Material online) and smaller Kruskal’s stress (1)
suggests the better representation of MDS analysis (supplementary table S10, Supplementary Material online). (C) Maximum likelihood phylo-
genetic trees of mimiviral proteins gp351, gp229, gp515, gp243, gp532, gp441, gp549, gp331, gp544 except gp1 showed cophylogenetic mirror
pattern, accession numbers of respective proteins are given in supplementary table S10, Supplementary Material online, Red, Mimiviridae | lineage
A; blue, Mimiviridae | lineage B; yellow, Mimiviridae | lineage C; maroon, Mimiviridae IlI; green, Klosneuvirinae. Putative helicase (gp229), putative
replication origin-binding protein (gp1), putative ATP-dependent DNA helicase (gp612), putative helicase (gp635), putative helicase (gp8),
putative helicase (gp132), DNA topoisomerase 1(gp243), DNA topoisomerase 2 (gp515), DNA ligase (gp331), DNA polymerase (gp351), putative
proliferating cell nuclear antigen (gp886), probable DNA polymerase sliding clamp (gp532), putative replication factor C small subunit (gp549),
putative replication factor C small subunit (gp513), putative replication factor C small subunit (gp425), putative replication factor C large subunit
(gp441), putative replication factor C small subunit (gp538), probable ribonuclease H protein (gp326), probable ribonuclease 3 (gp371), hypo-
thetical protein-SSBPs (gp544), putative endonuclease of the XPG family (gp417), and putative nuclease (gp456).

repair protein MutS-like protein, gp271: probable uracil-DNA
glycosylase, R555: Mre11/Rad50 complex), genome packaging
(gp468: A32-like virion packaging ATPase), signal transduc-
tion pathways (gp254: putative serine/threonine-protein ki-
nase), biosynthesis of deoxyribonucleotides (gp342:
ribonucleoside-diphosphate reductase large subunit), tran-
scription (gp540, gp266: DNA-directed RNA polymerase sub-
units 1 and 2), and translation (gp492: putative translation
initiation factor 4a) in addition to DNA replication proteins
(gp351: DNA polymerase, gp229: putative helicase, gp515:
DNA topoisomerase Il) (supplementary table S12,
Supplementary Material online). The correlation analysis of
these proteins returned an r > 0.7 and, the MDS analysis also
reflected the distance proximity between proteins in a 2D
plot (fig. 5A and B; supplementary table S13,

Supplementary Material online). Hence, we found that pro-
teins involved in diverse functions are also coevolving.

Horizontal Gene Transfer and Evolutionary Selection
Analysis

Despite the chimeric nature of its components, Mimivirus
replication machinery appears to be coevolving and the pre-
dicted coevolutionary network is comparable to the other
well-characterized systems. To identify the horizontally ac-
quired genes, we calculated GC content, GC3s, Codon
Adaptation Index (CAl), and the Effective Codon Number
(Nc) of Mimivirus replication-related genes (table 2). It is
proposed that the nucleotide composition of a gene acquired
from other sources might vary from that of the recipient
genome, and it has been widely studied in the case of bacterial
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(gp342), putative translation initiation factor 4a (gp492), DNA-directed RNA polymerase subunit 1 (gp540), uncharacterized hydrolase (gp597),

and A32 virion packaging ATPase (gp468).

Table 2. Gene Length, GC3s, and CAl of Mimivirus Replication Genes.

Protein Gene Gene Length (bp)
gp351 R322 5,262
gp515 R480 3,831
gp132 L115 3,741
gp8 RS 3,108
gp612 R568/R569 3,096
gp229 1207/L206 2,970
gp635 R592 2,641
gp243 1221 2,629
gp1 R1 2,418
gp331 R303 1,920
gp371 R343 1,676
gp441 R411 1,675
gp417 1386 1,570
gp532 R493 1,436
gp544 R505 1,318
gp513 L478 1,190
gp549 R510 1,126
gp538 1499 1,112
gp8s6 1823 1,039
gp425 R395 1,016
gp326 R298/R299 996

GC3s CAl dN/dS by MO (one-ratio model)
0.156 0.163 0.018
0.185 0.171 0.015
0.165 0.149 0.048
0.206 0.167 0.031
0.173 0.161 0.015
0.315 0.17 0.015
0.187 0.181 0.011
0.13 0.166 0.020
0.197 0.203 0.028
0.131 0.148 0.006
0.331 0.109 0.009
0.324 0.098 0.007
0.204 0.157 0.004
0.33 0.193 0.003
0.223 0.205 0.030
0.283 0.094 0.007
0.286 0.093 0.007
0.135 0.15 0.006
0.154 0.17 0.005
0.322 0.112 0.007
0.433 0.164 0.023

genomes (Lawrence and Ochman 1997). Our analysis also
showed the codon biasness of E. coli replication genes repre-
sented by CAI values ranging from 0.258 to 0.602 with a
Pearson skewness of 0.898 and variation in the GC content
(49.1-58.2%). Although the GC content of phage T4 genes
(28.9-37.4%) showed homogeneity, variation was observed in
GC contents of Homo sapiens (38.6-65%) and A. pernix
(50.2-64.1%). The Nc values of phage and cellular genes,
with few exceptions, showed low codon usage biasness (sup-
plementary tables 14 and 15, Supplementary Material online).
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The GC content analysis of mimiviral replication genes
showed a uniform base composition with the overall genome
composition of 28% GC (fig. 6A and supplementary table 14,
Supplementary Material online). Furthermore, the Nc values
of all the replication genes also showed limited variance in the
codon biasness of all genes (maximum: 54.14, minimum:
35.03, R2: 0.515). This was also reflected in the analysis of
CAl variance, 0.001 calculated from CAIl, which showed a
Pearson skewness of —0.532, indicating a significantly homog-
enous data set (table 2 and supplementary table 15,
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Fic. 6. Mimiviral DNA replication genes are homogeneous and are under purifying selection. The replication genes analyzed (A) for their
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mimiviral replication genes are located toward the center of the genome.

Supplementary Material online). When compared with CAI
values of phage and cellular organisms, Mimivirus genes
returned low values (supplementary fig. S4, Supplementary
Material online). Although we did not detect any evidence of
a recent HGT for mimiviral replication genes, the phyloge-
netic analysis (fig. 1) showed maximum homology with eu-
karyotic proteins. We analyzed putative lipocalin of Mimivirus
(R877) which is proposed to be horizontally transferred from
proteobacteria (Moreira and Brochier-Armanet 2008). Our
analysis also showed the gene’s codon biasness supported
by a low Nc value of 31.11, whereas the CAl and GC content
were not discernible  (supplementary table S14,
Supplementary Material online).

As mimiviral SSBP is of phage, ligase and topoisomerase are
of bacterial, and the rest of the proteins exhibit eukaryotic
affinities, we investigated the evolutionary pressure on the
genes of the coevolving proteins. The evolutionary selection
pressure on replication genes was estimated by comparing
codon substitution models using the likelihood ratio test
(LRTs) (table 2). The CodeML analysis using the site-specific
model suggested that all the genes are under purifying selec-
tion with a dN/dS < 1, supported by the P value of LRT by
comparing four pairs of models (table 2 and supplementary
table $16, Supplementary Material online). The result suggests

that these genes fall under the nucleotide sequences of cod-
ing regions of high functional constraints and the encoded
amino acid sequences have been highly conserved.

Further, we recently showed that most of the core genes of
amoebal giant viruses are in the central part of the genome
and are flanked by repeat domain-containing proteins
(RDCP) genes, which could have led to the genome expan-
sion of mimiviruses (Shukla et al. 2018). We traced the loca-
tion of replication genes in the mimiviral genome and found
that most of them are located toward the center of the ge-
nome (fig. 6B).

Discussion

With the help of coevolutionary analysis and MDS, we show
here that the core components of the Mimivirus replication
machinery are coevolving. The highly correlated evolutionary
network observed suggests that the robust functional com-
plementarities of mimiviral replication proteins have evolved
over longer evolutionary time scales and helps in assessing the
evolutionary origins and the ancestral state of mimiviruses.
Furthermore, evolutionary selection analysis showed that the
replication-related genes of mimiviruses are compositionally
homogenous and are under purifying selection. Besides, lack
of evidence of recent horizontal transfer among replication
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machinery components further suggests that the complexity
of the Mimivirus replication machinery arose early, support-
ing the hypothesis of Mimivirus evolution from a complex
ancestor.

What would the nature of such a complex ancestor be?
Ever since their discovery, the origin and evolution of mim-
iviruses have been a subject of intense debate. Reconstructing
the evolutionary path toward a large genome, as seen in the
case of mimiviruses and other giant NCLDVs, is further com-
plicated by varying phylogenetic affinities of their proteins,
including the core proteins involved in DNA replication.
Many researchers have been trying to shed light on the origin
and evolution of giant viruses, and many hypotheses have
been put forth (Shackelton and Holmes 2004; Boyer et al.
2010; Koonin and Yutin 2010; Koonin, Dolja, et al. 2015;
Koonin and Yutin 2018). A comprehensive analysis of 45
NCLDV genomes from six different families by Yutin et al.
(2009), helped identify a core set of 47 conserved genes that
were thought to be present in the common ancestor (Yutin
et al. 2009; Koonin and Yutin 2010). This included some of the
hallmark genes such as the B-family DNA polymerase, DNA
primase, and SF2 helicase that were shared by non-NCLDVs
such as herpesviruses and baculoviruses (Koonin et al. 2006).
However, with the recent discovery of a large number of
diverse groups of NCLDVs, the core set has been reduced
to only three to five genes (Koonin and Yutin 2018;
Guglielmini et al. 2019); furthermore, recent phylogenomic
analyses suggested multiple evolutionary origins for giant vi-
ruses (Koonin and Yutin 2018). There are mainly two oppos-
ing ideas on the origin of giant viruses. Although the first one
suggests the emergence of giant viruses from a complex cel-
lular ancestor by shedding genes (Nasir et al. 2012a; Nasir and
Caetano-Anollés 2015), the second one proposes a simple
ancestor with complexity originating by acquisition and ac-
cumulation of genes (Moreira and Brochier-Armanet 2008;
Koonin, Krupovic, et al. 2015).

Rather than analyzing only one or two components, in this
study, we focused on the entire DNA replication and analyzed
the phylogeny, coevolution, and evolutionary selection pres-
sure on the core components of the mimiviral replication
machinery. Mimiviruses encode a conserved group of at least
21 proteins with putative functional roles in genome replica-
tion. In addition to the core replication proteins, namely,
DNA polymerase (gp351), origin binding protein (gp1),
primase-helicase  bifunctional proteins (gp229), SSBP
(gp544), sliding clamps (gp886, gp532, gp124), clamp loaders
(gp549, gp538, gp513, gp425, gp441), ligase (gp331), RNase H
(gp326, gp371), and topoisomerases (gp243, gp515, gp216),
Mimivirus encodes several primases (gp577, gp857), helicases
(gp612, gp132, and gp635), and bifunctional primase-helicase
(gp8) proteins. Although their role in genome replication is
not clear, it was recently shown that some of them, such as
gp577, gp857, and gp8, do not appear to be involved in DNA
replication (Gupta et al. 2019).

Notwithstanding the diversity of NCLDVs, a phylogenetic
analysis of their DNA polymerases supports a strong cladistic
relationship suggesting a common ancestor (Claverie and
Abergel 2013) (supplementary fig. S2, Supplementary
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Material online). The DNA polymerases of eukaryotes, ar-
chaea, Mimivirus, and other giant viruses belong to the B-
family, and studies based on the phylogenetic analysis of the
B-family polymerases have suggested the possible giant viral
origin of the eukaryotic polymerases (Takemura 2007;
Takemura et al. 2015). Furthermore, these cues, when taken
together with the completely cytoplasmic lifecycle of
NCLDVs, points toward their involvement in the emergence
of eukaryotes (Claverie 2006; Takemura et al. 2015). When
several proteins are intricately involved in a particular func-
tion like DNA replication that requires them to interact phys-
ically, it puts a constraint on natural selection, and
components involved in the process exhibit correlated pat-
tern of changes to maintain the function (Goh et al. 2000;
Tillier and Charlebois 2009).

Sliding clamp and clamp loaders are the essential compo-
nents of complex DNA replication machinery ensuring a high
processivity required for efficient DNA replication (Kelch et al.
2012; Hedglin et al. 2013). Sliding clamps form a ring-shaped
structure around template DNA-primer junctions, associate
with DNA polymerases tethering, and orienting them for
DNA synthesis. They prevent the dissociation of polymerases
during DNA synthesis. Clamp loaders are multimeric ATPases
that load sliding clamps onto DNA. Despite their structural
differences, clamp loaders from all domains of life follow sim-
ilar mechanisms for loading the sliding clamps onto DNA
(Kelch et al. 2012). Of all the replication-related proteins,
only clamp and clamp loaders are conserved across all three
domains of life, and hence they are thought to be present in
LUCA before their divergence (Yao and O’Donnell 2016).
Furthermore, the structural studies of the sliding clamp and
clamp loaders have revealed that their architecture and com-
position are homologous in cellular forms and phage T4
(Jeruzalmi et al. 2002; Hedglin et al. 2013). The sliding clamp
of bacteria is the § subunit of DNA polymerase Ill, in phage
T4, it is gp45, and that of eukaryotes is PCNA. Archaea gen-
erally encode a single PCNA, whereas crenarchaea carry three
different types of clamps (PCNA1-3). Bacteria have y complex
of 0.y.12.0' ).y subunits; phage T4 encodes a gp44—gp62
complex, archaea carry an RFCL/RFCS complex whereas
eukaryotes have the RFC1-5 complex as clamp loaders.
During our study, we found that Mimivirus carries genes
coding three different types of PCNAs (gp886, gp532, and
gp124) and five RFCs (a large subunit, gp441; and four small
subunits gp549, gp513, gp425, and gp538). Our phylogenetic
analysis showed that the mimiviral clamp and clamp loaders
share a clade with eukaryotic PCNA and RFCs. All NCLDVs do
not encode all PCNA and clamp loaders (supplementary ta-
ble S17, Supplementary Material online). A few Mimiviridae
family viruses encode all 3 PCNA, whereas other viruses en-
code 1 to 2 clamps, but most of Mimiviridae carry all 5 RFCs.

In summary, phylogenetic analysis showed that out of the
nine core replication-related components considered in this
study, five are of eukaryotic lineage (DNA polymerase, sliding
clamp, clamp loaders 1 and 2, topoisomerase II), two are of
bacterial (ligase, and topoisomerase 1), one of phage (SSBP)
origin, and one distinct protein (D5-like helicase, fig. 1).
Although mimiviral replication machinery is a mosaic of
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proteins with varying phylogenetic affinities, our analysis sug-
gests that most of them are coevolving and are part of the
same functional complex. Furthermore, DNA compositional
analysis suggested that the data set is homogeneous, and no
evidence of a recent HGT in the mimiviral replication ma-
chinery was detected (fig. 6 and table 2), whereas the phylo-
genetic analysis (fig. 1) showed maximum homology with
eukaryotic proteins. In addition, all the genes considered
were found to be under strong purifying selection (table 2
and supplementary table S16, Supplementary Material on-
line). Taking together, we infer these results as a reflection
of the antiquity of the replication machinery of mimiviruses
and propose that mimiviruses might have evolved from a
complex cellular ancestor primarily by reductive evolution.

The three prevailing hypotheses on the origin of viruses are
the virus-first, escape from host cells, and reduction from cells
(Nasir et al. 2012b). A thorough analysis of the fold families
and fold superfamilies (FFs and FSFs) from several thousand
viral and cellular proteomes, including giant viruses, sup-
ported the latter hypothesis (Nasir and Caetano-Anollés
2015). Accordingly, modern viruses are the reduced forms
that originated from multiple ancient cellular ancestor line-
ages. This hypothesis identifies two direct descendants of the
LUCA, namely, the last universal cellular ancestor (LUCELLA)
and the archaic virocell ancestor. Although the LUCA is
thought to be the ancestor of cells that evolved protein syn-
thetic machinery, the virocell ancestor took the parasitic
route to become the modern-day viruses (Nasir et al.
2012b). This thought process is supported by the virocell
concept proposed by Forterre (Forterre 2011) to underscore
the importance of the intracellular stage of the virus lifecycle,
and the notion is gaining traction among researchers.
According to this hypothesis, virocells (or ribovirocells) are
a subpopulation of “normal” cells that produce virions
(Forterre 2012).

The presence of eukaryotic-like replication components
with homologous sliding clamps and clamp loaders suggests
that these viruses share common roots with the ancestor of
eukaryotes which might be LUCELLA, last archaeo-eukaryotic
common ancestor (LAECA), or last eukaryotic common an-
cestor (LECA) (fig. 7). The genome analysis of Mimivirus has
shown that the gene products involved in transcription,
translation, protein modifications, amino acid, and lipid me-
tabolism are related to eukaryotic homologs; and, those in-
volved in nucleotide synthesis and polysaccharide
metabolism are close to bacterial homologs whereas proteins
involved in the DNA repair share homology either with eukar-
yotes or bacteria (Suzan-Monti et al. 2006). This chimeric
nature of the mimiviral genome suggests that the viral ances-
tor might be a cellular ancestor sharing genes with three
domains of life possibly a descendent of LUCELLA.
Furthermore, when we extended our study to putative com-
ponents of DNA repair machinery, genome packaging, signal
transduction pathways, biosynthesis of nucleotides, transcrip-
tion, and the remnants of the translation machinery, we
found them to be coevolving (fig. 5A and B; supplementary
table S13, Supplementary Material online). In addition, they
were found to be located centrally in the genome, which
appears to be a characteristic feature of core genes (Shukla
et al. 2018) supporting the hypothesis.

As documented, there are several instances of HGT, both
“replacing” and “additive” that have most likely played im-
portant roles in the evolution of mimiviruses and other giant
viruses (Shackelton and Holmes 2004; Koonin, Krupovic, et al.
2015; Koonin and Yutin 2018). However, HGT alone does not
explain how the degree of complexity in the DNA replication
machinery of mimiviruses arose. The propensity of a gene to
undergo horizontal transfer has been greatly debated in the
last two decades (Garcia-Vallve et al. 2000; Ochman et al.
2000; Soucy et al. 2015). Although most genes are amenable
to HGT, the success of such transfers and their retention in a
new environment is highly variable. The complexity hypoth-
esis proposed about two decades ago posited that the fre-
quency of a successful transfer depends on the functional
context of the gene (Jain et al. 1999). Thus, it was shown
that informational genes such as the ones involved in com-
plex processes like transcription and translation are generally
less transferable compared with the operational or metabolic
genes. It was also shown that the extent of protein—protein
interactions is a major determinant of transferability. This
conclusion was drawn from studying over 300 sets of orthol-
ogous genes from six prokaryotic genomes. A later study
further extended this hypothesis and demonstrated that
higher connectivity of proteins is a major deterrent to HGT
(Cohen et al. 2011). Consistent with this hypothesis, our stud-
ies showed that mimiviral replication proteins are highly con-
nected and no extensive HGT was observed. These insights
further imply that the complexity of mimiviral replication
machinery is a vertically transferred feature and could be
traced back to a common ancestor. It is also consistent
with the complete autonomy of mimiviral DNA replication
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in the host cytoplasm. To a larger extent, the DNA replication
machinery of mimiviruses has retained complexity, which is
consistent with the complete autonomy of their DNA repli-
cation in the host cytoplasm. Reductive evolution has largely
occurred with translation and metabolism-related genes.
Although the evidence presented here does not rule out
the accretion hypothesis, taking the evidence together, a par-
simonious explanation would be that mimiviruses have radi-
ated from a complex cellular ancestor, probably a reasonably
evolved descendant of LUCELLA, to adapt to a parasitic life-
style. Based on our findings, we propose that the mimiviruses
and large DNA viruses might have evolved from a Last
Common Ancestor of Giant Viruses (LCAGV), a descendant
of LUCELLA (fig. 7). Isolation of more giant viruses will hope-
fully help in filling the many gaps in our understanding of the
origins of giant viruses.

Materials and Methods

Sequence Analysis
Proteins involved in DNA replication of Mimivirus were se-
lected from UniProt (Consortium 2006), National Centre for
Biotechnology Information (NCBI), and the transcriptomics
(Raoult et al. 2004; Legendre et al. 2010), and proteomics data
(Fridmann-Sirkis et al. 2016). All DNA replication proteins of
Mimivirus were identified for their putative function by se-
quence similarity with the characterized proteins and by do-
main prediction tools, namely, InterProScan (Zdobnov and
Apweiler 2001), and the NCBI Conserved Domain Database,
CDD (Marchler-Bauer et al. 2004). Protein BLAST was per-
formed for individual proteins of Mimivirus against NCBI
nonredundant database, and sequences from the
Mimiviridae family were selected for analysis (table 1).

DNA replication proteins of bacteriophage T4, bacteria
E. coli, archaeon Aeropyrum pernix, and the eukaryote
Homo sapiens selected are shown in table 1. Most of these
proteins have been biochemically characterized for their func-
tions and many of the interactions have also been experimen-
tally established except for the archaeal DNA replication
machinery where only a few proteins have been characterized
(Thdmmes and Hubscher 1990; Nossal 1992; Kelman and
O’Donnell 1994). All sequences of the replication systems
were retrieved from the UniProt, and the NCBI database
and sequences for analyses were retrieved by iterative BLAST.

Phylogenetic Analyses

We selected functionally related homologs of replicative DNA
polymerase, replicative helicase, sliding clamp, clamp loader 1
and 2, topoisomerases | and I, single-strand binding proteins
(SSBP), and ligase from the respective bacterial, archaeal, eu-
karyotic, phage, and Mimiviridae systems for phylogenetic
analysis (supplementary table S1, Supplementary Material
online). We constructed phylogenetic trees using MEGAG.0
(Tamura et al. 2013) for NJ, ME and UPGMA methods and
FastTree v.2.1.(Price et al. 2010) was used for ther ML method
with default parameters.
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Protein Level Coevolution Analysis

The correlation analysis was performed by the linear regres-
sion method (Goh et al. 2000; Gupta et al. 2017) using
XLSTAT. For calculation of the Pearson correlation coefficient
(r), the distance matrices of each protein were used from the
same set of Mimiviridae family viruses, bacteriophages, bac-
teria, archaea, and eukaryotes (supplementary table S2,
Supplementary Material online). The multiple sequence align-
ment (MSA) was generated by MUSCLE and the distance
matrix for the individual protein was computed as pairwise
distances from the aligned sequences using default parame-
ters by MEGAG6.0 (Goh et al. 2000; Gupta et al. 2017; Tamura
et al. 2013). The r between protein pairs were calculated from
distance matrices using the Pearson correlation coefficient
formula (Efron 1979) for all proteins with each other in
XLSTAT. A correlation coefficient of >0.7 between proteins
suggests their coevolution. The correlation or similarity matrix
of proteins of each replication system was used to generate a
heatmap using the Origin 2018b software.

Phylogenetic trees of mimiviral replication proteins were
also generated to understand their cophylogenetic mirror
patterns. The same sequence data set was used for both
correlation and phylogenetic analyses. FastTree v.2.1 software
(Price et al. 2010) with default parameters using the general-
ized time-reversible (GTR) substitution model for 1,000 boot-
strap replicates was used to infer phylogeny.

Coevolving Protein Visualization

The correlation coefficients of proteins of different replication
systems were represented in the 2D space by multidimen-
sional scaling analysis (MDS). MDS provides a visual represen-
tation of the pattern of proximities among a set of correlation
coefficients and helps the assessment of similarities and dis-
tances. Taken together with the biological information, MDS
is useful in assessing the involvement of a component in the
replication process. The metric or classical MDS was
employed to the similarity matrix calculated by the Pearson
correlation coefficient for all protein pairs. The classical MDS,
based on the SMACOF (Scaling by MAjoring a COmplicated
Function) algorithm (de Leeuw 1988), was performed using
the XLSTAT software. The similarity matrix was first trans-
formed into a dissimilarity matrix and the absolute model of
classical MDS was used where the disparity is equal to the
dissimilarity matrix. For the analysis, we represented the data
in two dimensions using ten repetitions and 1,000 iterations
in the XLSTAT. The goodness of fit is based on the difference
between the actual distance and their predicted values which
is measured by Kruskal's stress-1 (Kruskal and Wish 1978).
Here, for a given number of dimensions (p = 2), the weaker
value represents the better quality of the representation. The
perfect representation is when stress is 0 and fair when the
value is 0.1.

Horizontal Gene Transfer Detection

Here, we have measured the GC content and codon usage of
Mimivirus replication genes in the context of the entire ge-
nome. Codon bias was studied by measuring the Codon
Adaptation Index (CAl), the Effective Codon Number (Nc),
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and the third codon position GC content (GC3s) using
CodonW  (http://codonw.sourceforge.net, last accessed
January 23, 2021; Peden 1999) with default parameters. CAl
value ranges between 0 and 1, a stronger bias of synonymous
codon usage is shown by a higher value (Sharp and Li 1987;
Lawrence and Ochman 1997). Nc value varies from 20 to 61,
and the extreme biasness is represented by 20 when only one
codon for one amino acid is used whereas there is no bias in
codon usage when the value is 61 (Wright 1990). The gene
expression data of mimiviral replication genes were retrieved
from http://www.igs.cnrs-mrsfr/mimivirus/ (last accessed
January 23, 2021) (Legendre et al. 2010). We conducted a
similar analysis of phage T4, E. coli, A. pernix, and Homo sapi-
ens replication genes. Statistical analysis was carried out by
XLSTAT.

Evolutionary Selection Analysis

The evolutionary selection pressure exerted on the genes of
the mimiviral replication system was estimated by measuring
the dN/dS ratio. We estimated dN/dS ratios for mimiviral
replication genes using EasyCodeML software, a wrapper of
CodeML (Gao et al. 2019). Nucleotide sequences of mimiviral
replication proteins used for correlation and MDS analysis
were retrieved from NCBI. The MSA of each gene was carried
out by MUSCLE and converted into PAML format whereas
the respective phylogenetic tree was generated by ML using
MEGAG.0 and saved in Newick format. We used the site-
specific codon-based substitution model that allows the se-
lection pressure to vary among sites (Yang and Nielsen 2002).
We considered four pairs of codon substitution models, MO
(one ratio) versus M3 (discrete), M1a (Nearly Neutral) versus
M?2a (Positive Selection), M7 (f3) versus M8 (ff and w), and
M8 versus M8a (f and @ = 1), and the fit of the models was
compared using likelihood-ratio tests (LRTs) (Nielsen and
Yang 1998; Yang et al. 2000). LRT was performed by calculat-
ing 2ALnL by taking twice the difference of log-likelihood
(InL) between two models and testing y* distribution for
significance (P value) with the degree of freedom (df) by
taking the difference of the number of parameters (np) be-
tween models.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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