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A hallmark of the eukaryotic cell is 
the actin cytoskeleton, involved in 

a wide array of processes ranging from 
shape determination and phagocytosis to 
intracellular transport and cytokinesis. 
Recently, we reported the discovery of an 
actin-based cytoskeleton also in Archaea. 
The archaeal actin ortholog, Crenactin, 
was shown to belong to a conserved 
operon, Arcade (actin-related cyto-
skeleton in Archaea involved in shape 
determination), encoding an additional 
set of cytoskeleton-associated proteins. 
Here, we elaborate on the implications of 
these findings for the evolutionary rela-
tion between archaea and eukaryotes, 
with particular focus on the possibility 
that eukaryotic actin and actin-related 
proteins have evolved from an ancestral 
archaeal actin gene. Archaeal actin could 
thus have played an important role in 
cellular processes essential for the origin 
and early evolution of the eukaryotic lin-
eage. Further exploration of uncharac-
terized archaeal lineages is necessary to 
find additional missing pieces in the evo-
lutionary trajectory that ultimately gave 
rise to present-day organisms.

Discovery of an Actin-Based  
Cytoskeleton in Archaea

In eukaryotes, actin filaments consti-
tute key components of the cytoskeleton, 
involved in pivotal processes such as deter-
mination and maintenance of cell shape 
and cellular junctions, cytokinesis, and 
vesicle-mediated transport such as endo-
cytosis and phagocytosis.1 Recently, bona 
fide archaeal actin orthologs were iden-
tified in several crenarchaeal genomes, 
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as well as in Candidatus Korarchaeum 
cryptofilum2 (Fig. 1). The archaeal actin 
ortholog, denoted Crenactin, was shown 
to polymerize into a cytoskeletal structure 
in the hyperthermophilic crenarchaeon 
Pyrobaculum calidifontis, and therefore 
inferred to be involved in cell shape deter-
mination.3 Immunofluorescence micros-
copy imaging revealed that Crenactin 
formed helical filaments that traversed the 
length of the rod-shaped cells.3 In a cell 
subpopulation, these filaments had been 
remodelled into band-like structures, pre-
sumably in preparation for cell division, 
in this respect resembling the bacterial 
cell-shape-determining protein MreB,4 
which belongs to the same ATPase super-
family as actin and Crenactin. In addi-
tion, the phylogenetic distribution of the 
Crenactin-encoding gene (cren-1) across 
archaeal genomes correlated with rod- or 
filamentous cell morphologies, supporting 
an involvement in cell shape formation for 
the archaeal actin orthologs.3

The cren-1 gene was found to belong 
to a conserved gene cluster, which, in 
agreement with the involvement in cyto-
skeletal processes, was denoted Arcade 
(actin-related cytoskeleton in Archaea 
involved in shape determination; grey 
panel in Fig. 1). In addition to cren-1, the 
gene cluster comprised several genes (rkd 
genes) whose products, Arcadins, were 
shown also to assemble into helical struc-
tures, presumably in conjunction with 
Crenactin filaments.3

The Arcadin-2 gene product, in con-
trast, displayed a punctuated distribution 
across P. calidifontis cells, and was found 
to localize between segregated nucleoids 
in a cell subpopulation and might, hence, 
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Crenactin and Eukaryogenesis

Recent phylogenomic studies have pro-
vided support for an evolutionary scenario 
in which the eukaryotic lineage emerged 
from within the archaeal domain.9-11 In 
particular, evidence has been presented for 
a model in which eukaryotes are suggested 
to have originated from a lineage that also 
gave rise to the Crenarchaeota phylum.12In 
light of this, the discovery of an actin-
based cytoskeleton in crenarchaea, as well 
as in other deep archaeal lineages, adds 
momentum to discussions concerning 
the origin of the eukaryotic cell and early 
stages of eukaryogenesis. The role of actin 
as a key-player in invagination-based pro-
cesses such as endocytosis and phagocyto-
sis is well documented, and a requirement 
for a phagocytotic machinery to engulf 
a putative alphaproteobacterial ancestor 
of the mitochondrion has been put for-
ward as a prerequisite in several models 
to explain the origin of the eukaryotic cell 
(reviewed in ref. 13).

In certain evolutionary models, it 
is argued that the proto-eukaryote was 
relatively complex at the cellular level 
in order to execute engulfment.13,14 The 
phagocytotic machinery present in extant 
eukaryotes is, indeed, highly complex and 
comprises a wide variety of associated 
proteins,2 in addition to actin. We envi-
sion that Crenactin could have provided 
primitive phagocytotic capabilities to an 
ancestral archaeal lineage that contributed 
to the emergence of the eukaryotic cell, by 
facilitating the fusion with the proto-mito-
chondrion3 in a far less complex process 
than that carried out by the fully devel-
oped phagocytotic machineries present in 
extant eukaryotes. Interestingly, several 
members of the Thermoproteales, all of 
which contain the Crenactin-encoding 
gene, display bent or even branched cells, 
occasionally with extended cellular pro-
trusions.15,16 Assuming these structures are 
not methodological artifacts, this suggests 
a certain degree of cytoskeletal flexibil-
ity in these species, and, by inference, in 
ancestral archaeal lineages. It is, thus, con-
ceivable that, in an archaeal lineage from 
which the eukaryotic lineage would have 
emerged, such actin-mediated cytoskeletal 
flexibility may have allowed for primitive 

conclusively corroborate the functions of 
the respective proteins in these evolution-
ary distinct archaeal lineages.

Irrespective, a picture emerges from 
the P. calidifontis study in which a core 
cytoskeleton is formed by Crenactin 
and Arcadin-1, with Arcadin-3 and -4 
performing auxiliary roles, while the 
precise function of Arcadin-2 in the 
Thermoproteales3 needs to be further 
investigated. Detailed biochemical and 
molecular characterization of Crenactin 
and Arcadins is also of potential value for 
biotechnological exploitation, due to the 
intrinsic heat-stability of all gene products 
from the hyperthermophilic P. calidifontis 
species.

Importantly, the identification of 
Crenactin-based shape-determining 
structures in Archaea indicates that an 
actin-based cytoskeleton was established 
prior to the divergence of the archaeal 
and eukaryotic lineages. In the follow-
ing, we discuss the implications of this 
observation with respect to the process of 
eukaryogenesis and the emergence of the 
eukaryotic cell.

play a cytokinesis-associated role in this 
organism. The presence of an Arcadin-2 
ortholog in the composite genome of 
‘Candidatus Caldiarchaeum subterra-
neum’, belonging to the recently pro-
posed Aigarchaeota phylum5 is, however, 
puzzling since this genome also encodes 
components of both the CdvBC and 
FtsZ cell division machineries, although 
the latter protein seemingly lacks the 
typical tubulin motif.6 In this light, it 
is interesting to note that recent stud-
ies have reported that CdvA protein has 
been shown to bind DNA,7 and that the 
FtsZ homolog TubZ has been reported to 
effectuate plasmid segregation in Bacillus 
species.8 These observations open up the 
possibility that the CdvA function in 
‘Ca. Caldiarchaeum subterraneum’ has 
been taken over by Arcadin-2, in accor-
dance with an involvement in division, 
together with CdvB and CdvC, while 
the FtsZ homolog might play a role in 
the genome segregation process and/or in 
coordination of mitosis and cell division. 
However, other scenarios are also pos-
sible, and experimental data is required to 

Figure 1. an archaeal actin ortholog. Schematic overview of actin protein family phylogeny, 
demonstrating strong support (bootstrap value 97) for common ancestry of archaeal Crenactin 
and eukaryotic actin proteins. the tree was generated as described previously in reference 3, 
except that distant members (mreB and Hsp70) of the actin protein family were omitted and novel 
archaeal sequences were added (Crenactin orthologs from Ca. Caldiarchaeum subterraneum, 
Vulcanisaeta distributa, Vulcanisaeta moutnovskia and Thermoproteus uzoniensis). For clarity, the 
actin, Parm/aLPs and mamK clades are displayed as triangles. the grey shading highlights the Cr-
enactin clade and, for each species, the gene organization of the arcade gene cluster is indicated, 
with the genes encoding arcadin-1 (rkd-1), Crenactin (cren-1), arcadin-2 (rkd-2), arcadin-3 (rkd-3) 
and arcadin-4 (rkd-4) depicted in orange, blue, green, magenta and yellow, respectively. the tree 
was rooted according to the topology obtained previously in reference 3, with bootstrap values 
shown for branches with a support above 70 (out of 100 replicates). Sequences are denoted by 
species name and gene identifier, with crenarchaeal, korarchaeal and aigarchaeal Crenactin 
orthologs indicated in green, red and blue fonts, respectively. Note that the Crenactin ortholog of 
the aigarchaeon ‘Ca. Caldiarchaeum subterraneum’ represents the deepest branch in the Crenac-
tin tree, although with low support.
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cell. Interestingly, recent studies have 
revealed a series of additional presumed 
eukaryotic signature proteins (ESPs) in 
different established or inferred, archaeal 
phyla (Fig. 2). For example, orthologs 
of the eukaryotic ESCRT-III membrane 
remodeling system have been found to be 
part of the Cdv cell division machinery in 
crenarchaeal species22-25 and, in addition, 
several eukaryotic transcription machin-
ery components (Rpc34,26 RpoG27 and 
Elf128) have been identified in crenar-
chaeal, korarchaeal and thaumarchaeal 
genomes (Fig. 2). More recently, an 
analysis of the Ca. Caldiarchaeum subter-
raneum composite genome revealed the 
presence of a presumably fully functional 
ubiquitin-like protein modifier system.5 
Further exploration of uncharacterized 
deep archaeal lineages may well reveal 
additional eukaryotic-like features, and 
thus provide new insights into events that 
may have been fundamental for the origin 
and early evolution of the eukaryotic cell.
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play crucial roles in actin polymeriza-
tion, biochemical and genetic evidence 
is mounting for other ARPs to function 
largely, or exclusively, in the nucleus.18 
For example, several ARPs have been 
identified as members of chromatin 
remodeling complexes that locally mod-
ulate chromatin structure and activity by 
re-locating or removing nucleosomes.21 
Overall, a picture emerges in which 
actin, and ancient actin paralogs, have 
played important roles throughout the 
emergence and diversification of the 
eukaryotic lineage, and it is possible 
that a progenitor of Crenactin played 
a key role in founding the broad fam-
ily of actins and ARPs present in extant 
eukaryotes.

Additional Eukaryotic Signatures 
in Archaeal Phyla

The identification of a Crenactin-based 
cytoskeleton in Archaea necessitates a re-
evaluation of the hypothesis of the actin 
cytoskeleton as specific to the eukaryotic 
cell, and the presence of actin orthologs in 
members of the Crenarchaeota and other 
proposed archaeal phyla lends support to 
scenarios that associate a progenitor of this 
phylum with the origin of the eukaryotic 

phagocytosis that occasionally sustained 
cellular fusions.

In addition, a recent study of the 
deeply branching microbial eukaryote 
Giardia intestinalis revealed that the 
actin cytoskeleton was capable of facili-
tating receptor-mediated endocytosis 
in absence of canonical actin-binding 
proteins.17 Whether the relatively sim-
ple cytoskeleton in Giardia represents 
a relic of an ancient past, or whether it 
is the result of reductive genome evolu-
tion remains to be elucidated. Yet, it does 
indicate that actin is capable of sustain-
ing membrane invagination in absence of 
the array of proteins usually involved in 
this process.

Actin Proliferation and  
Sub-Functionalization during 

Early Stages of Eukaryogenesis

Apart from a potential role in cellular 
fusion events that may have given rise to 
the eukaryotic cell, actin has functionally 
diversified during evolution and is, in addi-
tion to the well-characterized cytoskeletal 
roles, implicated in other key processes 
that may have promoted eukaryogenesis. 
For example, a number of recent studies 
have provided evidence for nuclear local-
ization of an actin sub-fraction where, 
in conjunction with other proteins, it is 
involved in the assembly of the nuclear 
envelope and in processes influencing 
transcriptional activity.18,19

Further support for the importance of 
actin in the evolution of the eukaryotic 
cell may be inferred from the excessive 
proliferation of actin homologs across 
all branches of the eukaryotic tree. Most 
eukaryotes contain at least eight actin 
paralogs, denoted actin-related proteins 
(ARPs). ARPs share overall structure 
and low-level sequence homology with 
conventional actin, and phylogenetic 
analyses have revealed that ARPs can 
be divided into several distinct groups, 
which, inferred from their distribution, 
have formed via ancient gene duplica-
tion events, most of which predate the 
establishment of the major eukaryotic 
lineages.20 As for actin, the functions of 
ARPs are not merely restricted to a role 
in cytoskeleton modulation. Whereas 
certain ARPs, such as ARP2 and ARP3, 

Figure 2. eukaryotic signature genes in archaeal phyla. Schematic overview of established, as well 
as inferred, archaeal phyla, with Crenarchaeota, thaumarchaeota, Korarchaeota and the recently 
proposed aigarchaeota forming a monophyletic group putatively including eukaryotes (red font), 
with the bacterial root depicted as an arrow. Comparative analysis of archaeal genomes29 has 
revealed the presence of eukaryotic signature proteins within these phyla,11,30 as indicated by the 
shading pattern: red, actin; blue, ubiquitin-type protein modifier system; yellow, Cdv (eSCrt-III-
like) cell division machinery; purple, eukaryotic rNa polymerase subunits rPB8 (rpoG); orange, 
eukaryotic rNa polymerase III subunit rPC34; green, eukaryotic transcription elongation factor 
elf1; turquoise, eukaryotic-type topoisomerase 1B.31 Open (white) circles indicate absence of a 
given ortholog. Note that actin and Cdv proteins are present in a subset of crenarchaeal genomes, 
displaying an anti-correlated phylogenetic distribution, as indicated by the partly shaded circles.



©2011 Landes Bioscience.
Do not distribute.

www.landesbioscience.com Communicative & Integrative Biology 667

22. Ettema, T.J., Bernander, R. Cell division and the 
ESCRT complex: A surprise from the archaea. 
Commun Integr Biol 2009; 2, 86-88.

23. Lindås, A.-C., Karlsson, E.A., Lindgren, M.T., 
Ettema, T.J., Bernander, R. A unique cell division 
machinery in the Archaea. Proc Natl Acad Sci U S A 
2008; 105, 18942-18946.

24. Makarova, K.S., Yutin, N., Bell, S.D., Koonin, E.V. 
Evolution of diverse cell division and vesicle forma-
tion systems in Archaea. Nat Rev Microbiol 2010; 8, 
731-741.

25. Samson, R.Y., Obita, T., Freund, S.M., Williams, 
R.L., Bell, S.D. A role for the ESCRT system in cell 
division in archaea. Science 2008; 322, 1710-1713.

26. Blombach, F., Makarova, K.S., Marrero, J., Siebers, 
B., Koonin, E.V., van der Oost, J. Identification of an 
ortholog of the eukaryotic RNA polymerase III sub-
unit RPC34 in Crenarchaeota and Thaumarchaeota 
suggests specialization of RNA polymerases for cod-
ing and non-coding RNAs in Archaea. Biol Direct 
2009; 4, 39.

27. Koonin, E.V., Makarova, K.S., Elkins, J.G. Orthologs 
of the small RPB8 subunit of the eukaryotic RNA 
polymerases are conserved in hyperthermophilic 
Crenarchaeota and “Korarchaeota”. Biol Direct 2007; 
2, 38.

28. Daniels, J.-P., Kelly, S., Wickstead, B., Gull, K. 
Identification of a crenarchaeal orthologue of Elf1: 
implications for chromatin and transcription in 
Archaea. Biol Direct 2009; 4, 24.

29. Ettema, T.J., de Vos, W.M., van der Oost, J. 
Discovering novel biology by in silico archaeology. 
Nat Rev Microbiol 2005; 3, 859-869.

30. Brochier-Armanet, C., Forterre, P., Gribaldo, S. 
Phylogeny and evolution of the Archaea: one hundred 
genomes later. Curr Opin Microbiol 2011; 14, 274-
281.

31. Brochier-Armanet, C., Gribaldo, S., Forterre, P. A 
DNA topoisomerase IB in Thaumarchaeota testifies 
for the presence of this enzyme in the last common 
ancestor of Archaea and Eucarya. Biol Direct 2008; 
3, 54.

10. Foster, P.G., Cox, C.J., Embley, T.M. The primary 
divisions of life: a phylogenomic approach employing 
composition-heterogeneous methods. Philos Trans R 
Soc Lond B 2009; 364, 2197-2207.

11. Guy, L., Ettema, T.J. The archaeal ‘TACK’ super-
phylum and the origin of eukaryotes. Trends 
Microbiol 2011; epub ahead of print, 10.1016/j.
tim.2011.1009.1002

12. Lake, J.A., Henderson, E., Oakes, M., Clark, M.W. 
Eocytes: a new ribosome structure indicates a king-
dom with a close relationship to eukaryotes. Proc 
Natl Acad Sci U S A 1984; 81, 3786-3790.

13. Poole, A.M., Penny, D. Evaluating hypotheses for the 
origin of eukaryotes. Bioessays 2007; 29, 74-84.

14. Cavalier-Smith, T. The phagotrophic origin of 
eukaryotes and phylogenetic classif ication of 
Protozoa. Int J Syst Evol Microbiol 2002; 52, 297-
354.

15. Itoh, T., Suzuki, K., Nakase, T. Vulcanisaeta dis-
tributa gen. nov., sp. nov., and Vulcanisaeta souniana 
sp. nov., novel hyperthermophilic, rod-shaped crenar-
chaeotes isolated from hot springs in Japan. Int J Syst 
Evol Microbiol 2002; 52, 1097-1104.

16. Itoh, T., Suzuki, K.-I., Sanchez, P.C., Nakase, T. 
Caldivirga maquilingensis gen. nov., sp. nov., a new 
genus of rod-shaped crenarchaeote isolated from a hot 
spring in the Philippines. Int J Syst Bacteriol 1999; 49 
Pt 3, 1157-1163.

17. Paredez, A.R., Assaf, Z.J., Sept, D., Timofejeva, L., 
Dawson, S.C., Wang, C.J., et al. An actin cytoskel-
eton with evolutionarily conserved functions in the 
absence of canonical actin-binding proteins. Proc 
Natl Acad Sci U S A 2011; 108, 6151-6156.

18. Bettinger, B.T., Gilbert, D.M., Amberg, D.C. Actin 
up in the nucleus. Nat Rev Mol Cell Biol 2004; 5, 
410-415.

19. Blessing, C.A., Ugrinova, G.T., Goodson, H.V. Actin 
and ARPs: action in the nucleus. Trends Cell Biol 
2004; 14, 435-442.

20. Goodson, H.V., Hawse, W.F. Molecular evolution of 
the actin family. J Cell Sci 2002; 115, 2619-2622.

21. Dion, V., Shimada, K., Gasser, S.M. Actin-related 
proteins in the nucleus: life beyond chromatin 
remodelers. Curr Opin Cell Biol 2010; 22, 383-391.

Microbiomics Center) from the Swedish 
Research Council for Environment, 
Agricultural Sciences and Spatial Planning 
to R.B. and by an ERG grant (European 
Union) to T.J.G.E.

References
1. Pollard, T.D., Cooper, J.A. Actin, a central player in 

cell shape and movement. Science 2009; 326: 1208-
1212

2. Yutin, N., Wolf, M.Y., Wolf, Y.I., Koonin, E.V. 
The origins of phagocytosis and eukaryogenesis. Biol 
Direct 2009; 4, 9.

3. Ettema, T.J., Lindås, A.-C., Bernander, R. An actin-
based cytoskeleton in archaea. Mol Microbiol 2011; 
80, 1052-1061.

4. Vats, P., Rothfield, L. Duplication and segregation of 
the actin (MreB) cytoskeleton during the prokaryotic 
cell cycle. Proc Natl Acad Sci U S A 2007; 104, 17795-
17800.

5. Nunoura, T., Takaki, Y., Kakuta, J., Nishi, S., 
Sugahara, J., Kazama, H., et al. Insights into the 
evolution of Archaea and eukaryotic protein modifier 
systems revealed by the genome of a novel archaeal 
group. Nucleic Acids Res 2011; 39, 3204-3223.

6. Busiek, K.K., Margolin, W. Split decision: a 
thaumarchaeon encoding both FtsZ and Cdv cell 
division proteins chooses Cdv for cytokinesis. Mol 
Microbiol 2011; 82, 535-538.

7. Moriscot, C., Gribaldo, S., Jault, J.M., Krupovic, 
M., Arnaud, J., Jamin, M., et al. Crenarchaeal CdvA 
forms double-helical filaments containing DNA and 
interacts with ESCRT-III-like CdvB. PLoS One 
2011; 6, e21921.

8. Ni, L., Xu, W., Kumaraswami, M., Schumacher, 
M.A. Plasmid protein TubR uses a distinct mode 
of HTH-DNA binding and recruits the prokaryotic 
tubulin homolog TubZ to effect DNA partition. Proc 
Natl Acad Sci U S A 2010; 107, 11763-11768.

9. Cox, C.J., Foster, P.G., Hirt, R.P., Harris, S.R., 
Embley, T.M. The archaebacterial origin of eukary-
otes. Proc Natl Acad Sci U S A 2008; 105, 20356-
20361.


