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Abstract

The emergence of the eukaryotic cytoskeleton is a critical yet puzzling step of eukaryogenesis. Actin and actin-related
proteins (ARPs) are ubiquitous components of this cytoskeleton. The gene repertoire of the Last Eukaryotic Common
Ancestor (LECA) would have therefore harbored both actin and various ARPs. Here, we report the presence and
expression of actin-related genes in viral genomes (viractins) of some Imitervirales, a viral order encompassing the giant
Mimiviridae. Phylogenetic analyses suggest an early recruitment of an actin-related gene by viruses from ancient pro-
toeukaryotic hosts before the emergence of modern eukaryotes, possibly followed by a back transfer that gave rise to
eukaryotic actins. This supports a coevolutionary scenario between pre-LECA lineages and their viruses, which could have
contributed to the emergence of the modern eukaryotic cytoskeleton.
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The actin family is a diverse and evolutionarily ancient group
of proteins containing the conventional actin and many
paralogs named ARPs (actin-related proteins) (Goodson
and Hawse 2002). Different ARP families have been defined
based on their degree of similarity to actin (Schroer et al.
1994). Eight ARPs (ARP1–ARP8) are conserved in most or
all eukaryotes (Muller et al. 2005), suggesting that, besides
conventional actin, the Last Eukaryotic Common Ancestor
(LECA) already had a set of several ARPs. Actin and most ARP
sequences are usually around 400 aa long, even if some ARPs
are larger. Conventional actin is present in both the cyto-
plasm and the nucleus of eukaryotes, whereas some ARPs
are primarily localized in the cytoplasm (ARP1-3, ARP10) or
the nucleus (ARP4-6, ARP8) (Muller et al. 2005; Bajusz et al.
2018). Cytoplasmic ARPs are involved in key functions such as
the spatiotemporal control of actin assembly and movement
of vesicles along microtubules. Nuclear ARPs are implicated in
processes like chromatin modulation, transcription regula-
tion, and DNA repair (Krist�o et al. 2016). It has been proposed
that these different ARPs paralogs originated in the protoeu-
karyotic lineage, that is, in the cellular ancestors of eukaryotes
that throve before the emergence of LECA, and/or evolved
from distant archaeal actin homologs (crenactins) (Stairs and
Ettema 2020). Recently, it has been hypothesized that
eukaryotic-like actins detected in Asgard archaea (hereafter
dubbed asgardactins) could have been at the origin of

eukaryotic actin and ARPs (Lindås et al. 2017; Zaremba-
Niedzwiedzka et al. 2017). Some Bacteria also encode actin-
like proteins (Miller et al. 2007; Shiratori et al. 2019) corre-
sponding to xenologs originating from eukaryotes or proto-
eukaryotes (Miller et al. 2007).

Here, we report the discovery of actin genes (�400 aa
long) in the genomes of several viruses belonging to the
Imitervirales, a viral order that is part of the
Nucleocytoviricota (Koonin et al. 2020) phylum, previously
known as the NucleoCytoplasmic Large DNA virus assem-
blage (NCLDV) (Koonin and Yutin 2019) (table 1). We nota-
bly detected one of these viral actin-like genes (hereafter
dubbed viractin) in the genome of the giant Yasminevirus,
recently isolated from sewage water through amoeba cocul-
ture (Bajrai et al. 2019). Yasminevirus belongs to the proposed
Klosneuvirinae subfamily (Schulz et al. 2017; Bajrai et al. 2019)
within the Mimiviridae family (Koonin and Yutin 2019;
Guglielmini et al. 2019). We detected additional viractins in
18 metagenome-assembled genomes (MAGs) of marine and
freshwater Nucleocytoviricota (16 published; Schulz et al. 2017,
2020; Moniruzzaman, Martinez-Gutierrez, et al. 2020; and 2
that we reconstructed from the sunlit ocean survey of the
Tara Oceans expeditions; Endo et al. 2020; see Supplementary
Material online). The genomic statistics for these 19 viractin-
encoding viruses (18 MAGs and one isolate) are summarized
in supplementary table S1, Supplementary Material online.
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These viruses were confirmed to belong to the Imitervirales
order through phylogenetic analyses of conserved markers
from five representative viruses (supplementary fig. S1,
Supplementary Material online). All the published viractin-
encoding Nucleocytoviricota MAGs had already been de-
scribed as related to Mimiviridae; 15 belong to a lineage
dubbed MVGL55 and comprising viruses identified in various
aquatic environments (supplementary table S1,
Supplementary Material online), and one to a lineage dubbed
MM15. These clades correspond to the newly revealed diver-
sity of Mimiviridae relatives (Moniruzzaman, Martinez-
Gutierrez, et al. 2020; Schulz et al. 2020) that have recently
been incorporated into the Imitervirales (Koonin et al. 2020)
order. We also detected one viractin-encoding MAG related
to Yasminevirusand one to Hokovirus (table 1). Interestingly,
the two viractin-encoding Yasmineviruses were characterized
from very different environments: sewage water in Saudi
Arabia and the Pacific Ocean. Thus, although the detection
of viractin in the isolated Yasminevirus confirms its genuine
presence in the viral genome, environmental surveys reveal its
distribution in multiple clades of Mimiviridae-related viruses,
always in single copy.

In addition, we detected viractin mRNA in polyA meta-
transcriptomes of plankton obtained from the same sea-
water samples used to identify viractin-encoding MAGs (no-
tably in the Pacific Ocean and Mediterranean Sea) (Pesant
et al. 2015) (supplementary table S2, Supplementary Material
online). This observation strongly suggests that viractins are
expressed during infection, as suggested by a separate analysis
conducted on one virus of the MVGL55 clade (Ha et al. 2021).
Predicted protein structure comparison (see Supplementary
Material online) supports that these viractins are close struc-
tural homologs of eukaryotic actin and ARPs (fig. 1 and

supplementary table S3, Supplementary Material online), sug-
gesting similar biochemical functions and a common
ancestry.

To investigate the origins of viractins, notably with respect
to the frequent assumption of recurrent gene recruitment by
viruses from their hosts, we performed a global phylogenetic
analysis of actin-related sequences that included crenactin
and asgardactin sequences, as well as actin-like sequences
that we unexpectedly identified in some Bathyarchaea (here-
after dubbed bathyactins) (Dombrowski et al. 2018; Zhou
et al. 2018) (see Supplementary Material online). The actin,
crenactin, bathyactins, and eukaryotic ARPs all formed clear
monophyletic clades (fig. 1 and supplementary fig. S2,
Supplementary Material online), whereas the asgardactins
were distributed into five clades, suggesting ancient transfer
events between their ancestors and protoeukaryotes. The 19
viractins were structured in four clades, viractins 01-04, cor-
responding to the four different groups of viractin-encoding
Imitervirales (table 1 and fig. 1; supplementary fig. S1,
Supplementary Material online). Surprisingly, viractins
branched neither within eukaryotic actins nor in any of the
eukaryotic clades of ARPs, as would be expected in the case of
recent transfers from modern eukaryotes. Instead, the eukary-
otic actin clade was positioned within the viractins 01 to 03,
altogether forming a monophyletic sister clade to ARP1 and
ARP2. The viractin 04 single protein sequence was located
separately, at the base of a clade grouping asgardactins 04-05
with ARP10, suggesting a separate evolutionary scenario. A
structure-based alignment (supplementary fig. S3,
Supplementary Material online) and protein similarity net-
work analyses (supplementary fig. S4, Supplementary Material
online) corroborated this pattern of relationships, with virac-
tins 01 to 03 more closely related to actin, ARP1 and ARP2

Table 1. The Newly Identified Viractins.

Viractin Name Lineage Identity % to
Human Actin

Source

Viractin 01 Schulz_GVMAG_M_3300003404_4 Clade MVGL55 MAG 71.8 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300023184_120 Clade MVGL55 MAG 73.6 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300027707_43 Clade MVGL55 MAG 73.4 Schulz et al. (2020)
Viractin 01 Moniruzzaman_MM01_SRX802077_122_dc Clade MVGL55 MAG 71.5 Moniruzzaman, Martinez-

Gutierrez, et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300009441_23 Clade MVGL55 MAG 67.3 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300020185_80 Clade MVGL55 MAG 71.4 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300020187_94 Clade MVGL55 MAG 69.2 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300021375_17 Clade MVGL55 MAG 68.6 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300024261_25 Clade MVGL55 MAG 71.5 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300025767_21 Clade MVGL55 MAG 64.7 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_M_3300025880_30 Clade MVGL55 MAG 71.5 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_S_3300010368_67 Clade MVGL55 MAG 71.2 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_S_3300010368_72 Clade MVGL55 MAG 69 Schulz et al. (2020)
Viractin 01 Schulz_GVMAG_S_ERX556045_64 Clade MVGL55 MAG 71 Schulz et al. (2020)
Viractin 01 TARA_MED_NCLDV_Bin_121_14_c Clade MVGL55 MAG 72 This study
Viractin 02 Moniruzzaman_MM15_ERX556043_42_dc Clade MVGL15 MAG 66.9 Moniruzzaman, Martinez-

Gutierrez, et al. (2020)
Viractin 03 Yasminevirus_GU_2018 Yasminevirus 59.2 Bajrai et al. (2019)
Viractin 03 TARA_PSW_NCLDV_Bin_158_1_c Yasminevirus MAG 55.4 This study
Viractin 04 Hokovirus_KY684103 Hokovirus MAG 27a Schulz et al. (2017)

NOTE.—For all viractins, the identity percentage is given for a coverage ranging from 99% to 100% to the human actin, except for viractin 04 (a) where the coverage is 73%. The
summary of the 19 genomes of Imitervirales containing a viractin is provided in supplementary table S1, Supplementary Material online.
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proteins, but also to a lesser extent to ARP3, ARP4, ARP6, and
possibly asgardactin and bathyactin sequences.

All these analyses pointed to a particularly complex evolu-
tionary history of the actin and ARP families, reminiscent of
previous conclusions from an analysis addressing the origin of
LECA’s proteins (Vosseberg et al. 2020). Considering the chal-
lenges of reconstructing such a complex evolutionary history,
we decided to focus our subsequent analyses on the relation-
ships between eukaryotic conventional actins and related vir-
actins to limit potential long-branch artifacts. A subset of
sequences excluding the most distant clades was selected based
on a similarity network analysis (supplementary fig. S4,
Supplementary Material online). The phylogenetic tree
obtained displayed the same pattern of relationships (supple-
mentary fig. S5, Supplementary Material online). In order to
check if the position of viractins 01 to 03 at the base of eu-
karyotic actins could be due to a putative attraction artifact, we

performed a clustering analysis of the associated distance ma-
trix (see Supplementary Material online), which showed that
viractins do not display larger distances relative to conventional
actin sequences (supplementary fig. S6, Supplementary
Material online). To further improve the resolution of the phy-
logenetic tree, we focused on actins and viractins using first the
ARP1/ARP2 clade as outgroup (supplementary fig. S7,
Supplementary Material online), and removed the few unstable
actin sequences with relatively long branches and high transfer
index values according to a Transfer Bootstrap Expectation
(TBE) analysis (supplementary figs. S6 and S7, Supplementary
Material online). These sequences could indeed correspond to
paralogs of actin genes (Goodson and Hawse 2002; Schroeder
et al. 2020). Finally, we then decided to remove ARP2 sequen-
ces, which had relatively long branches, and only used ARP1
sequences as outgroup (fig. 2 and supplementary fig. S8,
Supplementary Material online).
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FIG. 1. Viractins within the different ARPs and actin clades of our initial protein sequence data set. Maximum-likelihood phylogenetic tree of our
initial protein data set (GD), which included eukaryotic actin (green) and ARP (yucky green), asgardactin (light blue-green), newly identified
bathyactin (orange), viractin (purple), and crenactin (black) sequences. These latter were used as outgroup. The predicted structures obtained for
representatives of different clades (supplementary table S2, Supplementary Material online) are shown, as well as the structures for actin and ARP-
8. The positions of the conventional actin and of the closely related viractin 01, 02, and 03 sequences are indicated in red.
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This phylogenetic tree confirmed our initial results (fig. 2
and supplementary fig. S8, Supplementary Material online).
Conventional actins confidently branched within paraphy-
letic viractins 01 to 03, as sister clade to viractin 01 with
high TBE support. The vast majority of branches were highly
supported, with minor exceptions within the conventional
actin clade, highlighting the importance of dealing with un-
stable taxa. This tree still displayed the monophyly of the
conventional actin clade representing the diversity of modern
eukaryotes. Indeed, the eukaryotic actin, but also the ARP
clades have a wide distribution among protists and pluricel-
lular eukaryotes from different supergroups, including
Amorphae, Archaeaplastida, TSAR, and Excavates (Burki et
al. 2020), and were hence most likely acquired before LECA.
Consequently, most nodes at the base of the eukaryotic
clades in our trees correspond to the relative position of
LECA. Since viractins, and particularly the large viractin 01
clade, branched between rather than within the eukaryotic
clades, a scenario of multiple and independent recent acquis-
itions of the viractins from modern actins or ARPs of their
hosts seems unlikely. Instead, ancestral recruitments by vi-
ruses of proto-ARP genes from protoeukaryotes appear
more plausible.

Considering the position of conventional actins within
viractins 01 to 03, a tempting hypothesis is that the ancestor
of conventional actins was recruited by a protoeukaryotic
ancestor of LECA from an Imitervirales (fig. 2, left model of
the right panel), possibly following the integration of a
viractin-encoding viral genome in the chromosome of its
protoeukaryotic host. Recent observations have indicated
that the integration of Imitervirales genomes is indeed a
rather frequent phenomenon (Moniruzzaman, Weinheimer,
et al. 2020), which have occurred from before the emergence
of modern eukaryotes (Guglielmini et al. 2019). However, al-
though it is possible that an increased representation even-
tually leads to a single viractin clade instead of three, one
cannot exclude three independent transfers from different
protoeukaryotic ancestors to different lineages of
Imitervirales that took place after the divergence between

the ARP1/2 clade and conventional actin (fig. 2, right model
of the right panel). In both cases, the distribution of viractin-
encoding genomes among Imitervirales, with one relatively
large subclade (MVGL55) and more distant individual
genomes, suggests either several gene losses in all other re-
lated subclades, or, more likely, horizontal transfer between
these viruses. Further exploration of the actual diversity of
Nucleocytoviricota from various environments will certainly
help to clarify these scenarios.

Actin and ARPs are paramount features of the eukaryotic
cytoskeleton involved in various cellular processes (Goodson
and Hawse 2002). Here, we report the discovery of xenolog
actin genes in the viral world, which we dubbed viractins.
Besides their origin, the identification of viractins raises
many questions regarding the extent of the viral-driven reg-
ulation of their hosts’ cytoskeleton dynamics. Actin-
regulating activities are elicited by the calcium-regulated mul-
tidomain gelsolin family; LECA likely possessed a protein com-
prising three gelsolin domains (Archer et al. 2005;
Ghoshdastider et al. 2013). We did not find proteins with
three gelsolin domains in viractin-encoding
Nucleocytoviricota. This suggests that viractins interact with
gelsolin from their hosts. However, we detected one such
protein that we called virgelsolin in the MAG of
Klosneuvirus KNV1 (ARF12218) (supplementary table S3,
Supplementary Material online), which does not possess a
viractin gene, and that could interact with the actin of their
hosts. This new discovery further suggests that manipulation
of the host cytoskeleton is part of the infection strategy of
Imitervirales. Recently, it has been shown that some viruses of
the class Caudoviricetes produce a nucleus-like structure
within infected bacterial cells (Chaikeeratisak et al. 2017).
These viruses encode a distant homolog of the eukaryotic
tubulin that localizes this nucleus-like structure in the middle
of the virocell (i.e., the virus-infected cell) (Forterre 2017) and
treadmills toward itself the viral capsids that were assembled
on the membrane (Chaikeeratisak et al. 2019). It is possible
that viractins play a similar role during viral infection by con-
trolling the localization of the viral factory close to the host
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nucleus (e.g., as seen in Yasminevirus; Bajrai et al. 2019), or
could be involved in the formation of an actin cocoon around
the viral factories, similar to those recently detected around
Shigella-containing vacuoles (Kühn et al. 2020). Deciphering
the role of viractins and virgelsolin during viral infection will
be an exciting challenge.

The origin of the eukaryotic cytoskeleton, with actin and
many ARPs already present in LECA (Muller et al. 2005), is a
major step of eukaryogenesis and yet remains obscure (Akıl
et al. 2021). The identification of viral actin-like genes sharing
a common ancestry with eukaryotic conventional actins now
brings a new piece to the puzzle. A few studies have previ-
ously emphasized a possible evolutionary relationship be-
tween the eukaryotic nucleus and Nucleocytoviricota’ viral
factories (Forterre and Gaı̈a 2016 and herein; Bell 2020), but
no connection had been made between these viruses and the
eukaryotic cytoskeleton until very recently (Kijima et al. 2021).
In this context, it is interesting to note that actin is present in
both the cytoplasm and the nucleus of eukaryotic cells and
with nuclear ARPs seems to be involved in several nuclear-
related processes (Bajusz et al. 2018).

The discovery of viractins closely related to the eukaryotic
actin echoes the close association between Imitervirales and
several eukaryotic signature features (DNA-dependent RNA
polymerase II [Guglielmini et al. 2019], histones [Boyer et al.
2009; Yoshikawa et al. 2019], DNA polymerase [Takemura
et al. 2015], kinesin [Subramaniam et al. 2020], myosin [Ha
et al. 2021; Kijima et al. 2021]), supporting the hypothesis of a
coevolution between Nucleocytoviricota and protoeukaryotes
that could have contributed in shaping the molecular com-
ponents and functions of the modern eukaryotic cell.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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